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HEAD-MOUNTED DISPLAY SYSTEM 

Pacj^cpTound pf t:t>Q Invent^j-Qn 

Head motinted display systems have been developed 
for a ntunber of different applications including use by 
5 aircraft pilots and for simulation. Head mounted 

displays are generally limited by their resolution and 
by their size and weight. Existing displays have 
relatively low resolution and £ure positioned at a 
relatively large distance from the eye. Of particular 

10 importemce, is to keep the center of gravity of the 
display from extending upwarxl and f orwetrd from the 
center of gravitiy of the head and neck of the weaorer, 
where it will place a large torque on the wearer ^s neck 
an4 may bump into other instruments during use. There 

15 is a continuing need to present images to the wearer of 
a helmet mounted display in a high-resolution fosrmat 
similar to that of a computer monitor. The display 
^,^ ne^dts t.o h^ leading to 

the need for a lightweight and compact system* 

20 .Head moimted displays can . also utilize eye 

tracking systems in flight control, flight simulation 
and virtual imaging displays. Eye control systems 
generate Information based on the position of the eye 
with respect to an image on a display. This 

25 information is useful for a variety of applications. 
It can be used to enable taxejvi^ex to cqnt 
free" movement of a cursor, such as a cross-hair on the 
display. 

Apparatus for detecting the orientation of the eye 
30 or determining its line-of -sight (LOS) are called 

occulometers or eye trackers and are well known in the 
. art^ ,(See for example U.S. 4,109,145, 4,034,401 and 
4,028,725) . 
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suTmna Tv of tJie Invention 

In accordzmce with the present invention a head 
mounted display is prefer£a>ly either an 
electrolujninescent (EL) or an active matrix liquid 
5 crystal display (AMLCD) comprising thin film transistor 
(TFT) driving elements formed of single crystal silicon 
and then transferred to a transparent glass substrate. 
Each TFT circuit is connected to an electrode which 
defines a picture element (pixel) of the display. The 
10 head mounted display system can also incliade a detector 
array cfflnprising thin film integrated optical diode 
detectors is formed of IXI-V materials cind transferred 
directly onto a flat panel active matrix display. 
In a preferred emhodimeiit of a dii-ect view eye 
15 3 traadng' dispalyi the detebtMSrs^e positioned such 
^at leiach Is coB^letely above^^ of 
the^ active matrix circuit'iifei adjacent to the pixel 
, i i i^ - j5u:ea*imd^thea:efOM^ display's 

■ light output. The light output from tlie display, 
: 20 ^ either; infrared- or visible^' to determine the 
position of the eye. No JEUiditicmal optics, such as, 
fiber optics to/ from remote displays are required in 
this approach. "Hie chief advantage is that the 
integrated eyetracker /display can be inserted in a 
25 helme1:~mouhted optical system without physical 

modification to the helmet or optics. This advantage 
results from the fundamental reciprocity of the axial 
light rays that are used to determine the eye position. 
An axial ray, is a light ray that emanates from the 
30 display and travels through the tjptical axis of the 
eye, normal to the retina. These rays, when reflected 
by the ietina, can lafaveil back to the display along the 
same optical path (in acc rdance with the optical 
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reciprocity theorem) . Except for divergence of the 
rays, the reflected rays return to the vicinity of the 
emitting pixel. In this way, the detector can identify 
the area of the display that is sighted by the user. 
5 Software in a computer then provides a cursor at this 
location. 

In another alternative embodiment, instead of 
using the visible scene from the display, some of the 
frames in the display are used for brief presentation 
10 of an interlaced eyetracker pattern. If the repetition 
rate of the test pattern is sufficiently infrecjuent, 
the user (viewer) will not perceive its presence^ This 
pattern can consist of a single pixel being illuminated 
or can have some other geometric pattern. Light from a 
15 single lit pixel enters the eye through the pupil ernd 
is reflected from the retina* The path of the 
reflected light clearly depends on the position of the 
^ eycfC ^ On the reverise jpath^ teick to the display panel , 
the reflected light undezrgbes spreading or convergence 
- 20 ^depending upon tiie optical syistem.^ it returns to 
the plane of the display, it strikes the " ^ 
photodetectors. A pattern will appear in the output of 
the photodetector array that depends on the position of 
the eye and the nature of the optical system. This 
25 pattern is interpreted by a computer and correlated to 

— the-position of the eye^.^ 

The present invention uses a single-crystal 
material to produce a high-density active matrix array 
in a head mounted optical support system that provides 
30 for closeness of the display to the eye, compactness of 
the eacray and provides the desired level of resolution. 
With a density of 400 lines per centim ter, f r 
example, a 1.27 centimeteirs display in accordance with 
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the invention will fit into a system only 1.52 
centimeters in depth. This system is more compact, has 
lighter weight, and a lower cost than existing head 
moiinted displays. 
5 To get the display system as close as possible to 

the eye and as compact as possible, a short focal 
length lens system must be used. The focal lengths of 
simple lenses are limited by lens geometry, where the 
thiclcness of the lens is less than the lens diameter. 

10 Thus, a simple lens has a shorter focal length as well 
as a small diameter. For the most compact system, the 
smallest possible. JLens that focuses the display image 
is tised. The lens size is defined by the object size, 
which in jUii^ .c^ is the size of the display element. 

15 r Since resolntipn need|5 to be iiicrM \dille size 
needs to be decreased, the pixel densi^ of the display 
needs to increase . Existing displays have pixel . 
■5 , r j vd^isitieS f p%^a^ ^2 O^ lines^/per .centimeter and aore 
about 4.1 centimeters in diameter. Using a 3.81 
r 20 J centimetea^^^ length for a 

. standard 3 .BIl centimeter lens is etbout 3.05 " - 
centimeters, results in a lens with a center thickness 
of oyer 1. 52 centimeters. a this lens results 

in a lens-to^is^^ centimeters,. 

25 which is the minimum depth of am existing head-mounted 
display for this geometry. 

The present system, by increasing the pixel 
density to at least 200 lines per centimeter, and 
preferably to over 400 lines per centimeter, provides 

30 for a lens-to-display distance of less than one inch. 
The iMis^to-display distance = is preferably in the range 
of 1,^0-2.2 centimeters. 
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The display can be a transmission type display 
with the light soixrce directly adjacent the light valve 
active matrix or the light source can be positioned 
above the head or to one or both sides of the head of 
5 the user such that the light can be coupled to the 
light valve active matrix by one or more reflective 
elements. Fiber optics can also be employed to provide 
a back light source for the display or to deliver 
Images from the display Into the user's field of view. 
10 Alternatively, the display can be an emission type 

device such as an active matrix electroliunlnescent 
display or an active matrix of light emitting diodes 
(LEDs) . 

Additional embodiments of the invention include a 
15 projected view active matrix display in which different 
polarization compionents of light are separated, one 
component being directed to the left eye, and another 
• Scoxnp<inCTt being directed ^Si ttie rlc^ eye. This 

provides a more efficient optical system in which more 
^^"213'^ 1^ source is used to provide the desired 

^ ''—'---image. ■ ' " ^ 

Another preferred embodiment utilizes an active 
matrix display in which the pixel size increases across 
the display to provide a wide angle field of view 
25 display. 

" " " The display can" bi^f abricated as a^vlsbr^ a 
number of displays which are tiled together and 
positioned on a flat or curved plastic visor. 

Brief Description of the Drawings 
30 Figure 1 is a perspective view of a high density 

circuit module In the f rm of an iactiv matrJLx liquid 
crystal display (AMLCD) . 
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Figure 2 A is a schematic illustrating how two six 
inch wafers can be used to form tiles for a 4 X 8 inch 
AHLCD. 

Figure 2B shows the tiles of Figure 2A applied to 
5 a glass substrate for forming an AHLCD. 

Figure 3 is a circuit diagram illustrating the 
driver system for the AMLCD of Figure 1. 

Figures 4A-4L is a preferred process flow sequence 
illustrating the fabrication of the a portion of the 
10 circuit panel for the AHLCD of Figure 1. 

Figures 5A and 5B axe cross<-sectional schematic 
.process views -of a portion of the AMLCD. 

Figure 6 illustrates in a perspective view a 
preferred CTbod^ of ^ systCTi used for 
IS .recry^paJ^llzsitx ;^ ...^ ^ ^ 

, ^ Figui:e&,^A37D;is a proceM^ 
illustrating transfer and bonding of a silicon an oxide 
... (SOI), 6 truc^taire of 
. the substrate* 
,^2p , vty.^»^r^ Eigur;i^^ 8A ^nd^)BB is a js^pcess ^^3^ 

illustrating an alternative transfer .process" in whicdi a 
GeSi alloy is used as em intermediate etch step layer. 

Figure 9 is a schematic diagrcua of an eye tracking 
system of the ^ymtio^ , , , . 
25 Figure 10 is a schematic of an alternate 

embodiment of an eye tracking system of the invention. 

Figure ll is an exploded view of the integrated 
display/detector array panel (eye-tracker) of the 
invention. 

30 Figure 12 is a plan view of a simplified version 

^ of the eye tra^c^eT; in which array 
metallization is replaced by a common parallel 
interconnect. . . 
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Figiires 13A-13C are cross-sectioned views showing 
important steps in the process of forming the eye- 
tracker device of the invention. 

Figures 14A-B are schematic section views of a 
5 wafer being processing to form an X-Y addressable LEO 
array. 

Figures 14C-E are schematic partial perspectives 
showing a wafer during successive additional process 
steps. 

10 Figures 15A-15B is a process flow diagram of the 

main steps in fabricating an LED bar in accordance with 

a mesa etch isolation process with a corresponding 

schematic sectional view of a wafer st^cture so 

processed shown beneath each step. 
15 Figure 16 is a crbss-sectional side view of a 

wafer during step k of Figure 15b. 

Figure 17 is a process f low diagreua of the main 

an LED bar in accordance with an 

alternate process with a correspnding schematic 
20 sectional view 6| ^ so processed shown 

beneath each step. 

Figures 18A*18B is a process flow diagram of the 

main steps in fabricating an LED beu: in accordance with 

yet another alternate process with a corresponding 
25 schematic sectional view of a wafer structxire so 

^processed shown" beneath each^ step , 

Figure 19 is a plan view of an X-Y addressable LED 

array mounted on a silicon substrate with associated 

silicon electronic circuitJT* 
30 Figure 20 is a perspective view of a LED pixel 

from an X-Y addr ssable LED array embodiment of the 

invention. 
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Figiire 21 is a schematic side vievr of an IR to 
visible light converter embodiment of the invention. 

Figure 22 is a schematic diagram of the converter 
of Figtire 21. 
5 Figure 23 is a side view of an alternate 

embodiment of Figure 21. 

Figure 24 is a side view of a pixel of a tri-color 
X-y addressable LED array. 

Figure 25 is a plan view of the array of Figure 

10 24. 

Figure 26 is a schematic diagram of an alternate 
®=*l^«>dimfnt of an eye tracking device of the invention. 

Figure 27A is an exploded perspective view of an 
electarolminescent peine^ accordance with the 
15 present "invent ' "^^''^ 

Figure 27^ of an 

electroluminescent color ^ display element. 

^^^^^^^^^ panel display. 

20 figure 27D is an equivalent circu^^ for a DMOS 

transistor of Figure 16C. ' ^ 

Figures 28A-28L is a preferred process flow 

seguency illustrating the f abriciation of a circuit 

panel f or an electrbliimin display. 
25 Figures 29A-29D is pfefearried process flow sequence 

illustrating the fabrication of an electroltminescent 

color display. 

Figures 30A-30B is a preferred process flow 
sequence illustrating transfer and bonding of an SOI 
30 structure to a superstrate and removal of the 
substrate. 

Figures 31A-3iB iis a preferred process flow 
sequence illustrating an alternative transfer process 
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in which a GeSi alloy is used as an inlierxnediate etch 
stop layer. 

Figure 32 shows a schematic illustration of a head 
noiinted display system* 
5 Figure 33 illustrates a preferred embodiment of a 

head mounted display where two components of polarized 
light are separated for improved optical efficiency. 

Figure 34 illustrates an active matrix for a wide 
angle field of view head mounted display system. 
ID Figure 35 provides a detailed view of a portion of 

the active matrix area of the device shown in Figure 
34. ' * . 

Figure 36 illustrates an active matrix mounted or 
tiled onto a visor screen. 
15 Figure 37A-37C illustrates other preferred 

embodiments of a direct-view display system. 

b^taile^d Description d the Invention ' 
I. Tiled Acrt:ive Matrix Liquid Crvstal Displav 
A^pJ^eferred emboidiment of the iifvention for 
20 fabricating complex hybrid multi-function circuitry on 
common module substrates is illustrated in the context 
of an AMLCD for a head mounted display, as shown in 
Figure 1. The basic components of the AHLCD comprise a 
light source 10, such as a flat fluorescent or 
-25' incandescent white ~lMap7^r "ah elects lamp 
having white, or red, blue and green phosphors, a first 
polarizing filter 12, a circuit panel 14, an optional 
filter plate 16 and a second polarizing filter 17, 
which form a layered structure. Note that filter plate 
30 16 is not needed for a black and white display or where 
the r d, gr n and blue colors are provided by the lamp 
at th appropriate pixel. A liquid crystal material 
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22, such as a twisted nematic is placed between the 
circuit panel 14 and the filter plate 16. 

Circuit pamel 14 consists of a transpcirent common 
module body 13 formed, for examplei, of glass upon which 
5 is transferred a plxirality of common multifunction 

circuits comprising control logic circuits 4 OA and 4 OB 
and drive circuits 18A and 18B, 20A and 2 OB, and array 
circxiit 25A and 25B. Preferably, the logic and drive 
circuits ^ich require high speed operation are. formed 
10 in tiles of x-si. The array circuits may be formed in 
a-Si material, or poly-Si, or preferably in x-Si, to 
achieve lower lecikage in the resultcint TFT's and, 
hence, better grey scale. Higher speed is also 
achieved in x-Si. Displays as large as a 4 x 8 inch 
15 active matirix from two standard 

6-inch diametier Si wafers Wl and W2 as shown in Figure 
2A, Array circuit 25A is formed on wafer Wl and l-inch 
by 47ijich tiles.331. ax from the wafer Wl to 

the siibslxate 14 . Note that the txansfer can be 
20 accomplished luusi^ or double transfer 

process^ as wili be described in d^^ below. ^ Each 
tile is registered against another using 
miaropositionirig equipment and manipulators capable of 
micron scale accuracy. Similarly, tiles TB are 
25 transferred from wafer W2 to form array 25B on 

substrate or common module body 13 (See Figure 2fi) . 

Logic circuits 40A and 40B and drive circuits ISA, 
18B, 2 OA, 2 OB are formed on other suitable substrates 
(not shown) and tiled and transferred in like manner to 
30 common stibstrate 13 and registered opposite the arrays 
25A, 25B, as shown in Figure 1. Conductive 
interconnections 50 are then made between the drive 
circuits and the individual pixels 22 and the logic 
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control circuits 4 OA and 4 OB, In this manner, a 1280 
by 1024 addressable array of pixels 22 are formed on 
the substrate 13 of circuit panel 14. Each pixel 22 is 
actuated by voltage from a respective drive circuit 18A 
5 or B on the X-axis and 2 OA or B on the Y-2«is. The X 
and Y drive circuits are controlled by signals from 
control logic circuits 4 OA and B. Each pixel 19 
produces an electric field in the liquid crystal 
laaterial 23 disposed between the pixel and a 

10 counterelectrode (not shown) formed on the back side of 
the color filter plate 16. 

The electrie field formed by pixels 22 causes a 
rotation of the polarization of light being transmitted 
across the liquid crystal material that results in an 

15' adjacent color filter element being illuminated The 
color filters of filter plate "system 16 are arranged 
into groups of four filter elements, such as blue 24, 
' green"^ 31,-^ red 27, and \/hite 29.^ pixels associated 

with filter elements can be selectively actuated to 

20 provide any desired ^blor for that 'pixel group. 

A typical drive and logic circuit that can- be used 
to control the array pixels 22 is illustrated in Figur 
3 . Drive circuit ISA receives an incoming signal from 
control logic 4 OA and sends a signal to each source 

25 electrode of a TFT 51 in one of the columns selected by 

— logic circuit 40A- through interconnect ~line-53^ — Y- — — 

drive circuit 20A controlled by logic circuit 4 OA 
energizes a row buss 59 extending perpendicular to 
column buss 53 and applies a voltage pulse to each gate 

30 G of TFT's 51 in a selected row. When a TFT has a 
voltage pulse on both its gate and source electrode 
current flows through an individual transistor 51, 
which charges capacitor 56 in a respective pixel 22. 
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The capacitor 56 sustains a charge on the pixel 
electrode adjacent to the lie[uid crystal material 
(shown schematically at 19) until the next scan of the 
pixel array 25. Note that the various embodiments of 
5 the invention may, or may not, utilize capacitors 56 
with each pixel depending upon the type of display 
desired. 

XI. Transfer Processes 

The array circuits 25A and 2 5B and logic 40A,40B 
10 and drive circuits 18A,18B may be formed and 

transferred by a number of processes. The basic steps 
in a single transfer process euret forming of a 
plurality of thin film Si circuits on si substrates, 
dic^jig the thin film to form tiles, ; and transferring 
.15 the tiles to a common module substrate by "tiling." 
Tiling can also be employed in fabricating lii-v ' 
: piJn=Vii^ or^.. hybrid^ Si and.IUsfV material 

circuits or circuit components, which can be stacked to 
^provide compact. modules. ' 

20 Tiling ijivolves the Steps of taransferringr 

registering the transferred tiles, and adhering the 
registered tiles. The Si substrates are then removed 
and the circuits on the tiles, are interconnected. The 
double transfer approach, described in detail below in 

25 connection with Figures 4A-4L is similar except that 
the Si-substrate is removed after dicing and the thin 
film is transferred to an intermediate transfer body or 
carrier before ultimate transfer to the common module 
body. 

30 Assuming an Isolated Silicon Epitaxy (ISE) process 

is used, the first step is to form a thin-film 
precursor structure of silic n-on-insulator (SOI) film. 
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An SOI structure, such as that shown in Figure 4A, 
includes a substrate 32 of Si, a buffer layer 30, of 
semi-insulating Si and an oxide 34 (such as, for 
example, SiOj) that is grown or deposited on buffer 
5 layer 30, usually by Chemical Vapor Deposition (CVD) . 
An optional release layer 36 of material which etches 
slower th£m the underlying oxide layer 34 is then 
formed over the oxide 34. 

For example, a silicon oxy-nitride release layer, 

10 coB^rising a mixture of silicon nitride (S3N4) and 

silicon dioxide (SiOj) may be a suitable choice. Such 
a layer etches more slowly in hydrofluoric acid than 
does SiO^ alone. This etch rate can be controlled by 
adjusting the ratio of N and O in the silicon oxy- 

15 nitride (SiO^^) compound. 

A thin essentially single crystal layer 38 of 
silicon is thien formed over the release layer 36. The 
"o^^^^j^-'f^fyj^ iriiBulM^ix^ beneath the Si 

surface lay^. For the case of ISE SOI structures, th 

20 ' ^op^^ sihgle-cryistal recrystalllzed 

isilicon/ from which CMOS circuits can be fabrloated. 

Note that for tJie purposes of the present 
application, the term "essentially" single crystal 
mean& a film in Artiich a majority of crystals show a 

25 common crystalline orientation and extend over a cross- 
seWional €urear"i atT least 0.1 

CB?, and preferably, in the range of 0.5 - l.O en?, or 
more. The term also includes completely single crystal 
Si. The thin films can have thicknesses in the range 

30 of 0.1-20 microns and preferably in the range O.l - 
1.0 microns. " 
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The use of a buried insulator provides devices 
having higher speeds than can be obtained in 
conventional bulk (Czochralski) material. Circuits 
containing in excess of 1.5 million CMOS trsmsistors 
5 have been successfully fabricated in ISE material. An 
optional capping layer (not shown) also of silicon 
nitride may also be formed oyer layer 36 and removed 
when active devices are formed. As shown in Figure 4B, 
the film 38 is patterned to define active circuits, 

10 such as a TFT' s in region 37 and a pixel electrode 
region at 39 for each display pixel. Note that for 
sijBplif ication, only one TFT 51 and one pixel electrode 
62 is illustarated (Figure 4H) . .1^ should be und^stood 
that an array of 1280 l>y 1024 . such jelements can in 

15 practice be formed .on a single 6-inch wafer. 

A plurality of arrays may be formed on a single 
six-inch wafer, v^ich can then applied to the display 
as tiles .and^intercoimect ^Alternatively , the 
plurality of pixel matrices from one wafer can be 

2 0 f separated^jand used . in diJEf erent „^ . The 

plurality may comprise one large rectangular atray 
surrounded by several smaller arrays (to be used in 
smaller displays) • By mixing rectangular arrays of 
different, areas, such an arrangement makes better use 

25 of the total available area pn a round wafer* 
An oxide layer 40 is then formed over the 
patterned regions including an insulator region 48 
formed between the two regions 37, 39 of each pixel. 
The intrinsic crystallized material 38 is then 

30 implanted 44 (at Figure 4C) with boron or other p-type 
dopants to provide a n-chaimel device (or 
alternatively^ an n-type dopant for a p-channel 
device) . 
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A polycrystalline silicon layer 42 is t:hen 
deposilied over the pixel and the layer 42 is then 
implanted 46, through a mask as seen in Figiire 4D, with 
an n-type dopant to lower the resistivity of the layer 
5 42 to be used as the gate of the TFT. Next, the 

polysilicon 42 is patterned to form a gate 50, as seen 
in Figure 4E, which is followed by a large, implant 52 
of boron to provide p-f- soxirce and drain regions 66, 64 
f or^ the TFT on either side of the gate electrode. As 

10 shown in Figure 4F, an oxide 54 is formed over the 
transistor and openings 60, 56, 58 are formed through 
the oxide 54 to -contact the source 66, the drain 64, 
and the gate 50. A patterned metallization 71 of 
aluminum, ttingsten or other suitable metal is used to 

15 connect the expbs^ pixel electrode 62 to the source 66 
(or drain) , and to connect the gate and drain to other 
circuit panel components. 

^ ^ ' i^^ and the 

circuits may hcsw be tested and repaired, as required, 

20 before ftgrthi^ jpfbcessiiig^^ - 

The iiext step in the process is to trai&fer the 
silicon pixel circuit film to a common module, either 
directly; or by a double transfer from substrate to 
carrier aund then to "the common module. A double 

25 transfer approach is illustrated in Figures 4H-4L. To 

^sepairate a-circuit tile- from the buff er 30 and — 

substrate 37, a first opening 70 (in Figure 4H) is 
etched in an exposed region of release layer 36 that 
occurs between tiles. Oxide layer 34 etches more 

30 rapidly in HF than nitride layer 36, thus a larger 
portion of layer 34 is removed to form cavity 72. A 
iportion of layer 36 thus '^xt nds over the cavity 72. 
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In Figtire 41, a support post 76 of oxide is formed 
to fill cavity 72 and opening 70, which extends over a 
portion of layer 36. Openings or via holes 74 are then 
provided through layer 36 such that an etchant can be 
5 introduced through holes 74, or through openings 78 

etched beneath the release layer 36,^ to remove layer 34 
(See Figure 4 J) . The remaindLng release layer 36 and 
the circuitry supported thereon is now held in place 
relative to substrate 32 and buffo: 30 with support 

10 posts 76. 

Next, an epoxy 84 that can be cured with 
ultraviolet light is used to attach an optically 
transmissive superstrate 80 to the circuitry, and layer 
36. IBie buffer 30 and substrate 32 is then patterned 

15 rad selectively exposed to light , ^ucdi that regions of 
epoa^ 84 ' , about tihe posts 76 remain uncured while the 
remaining epoxy 84 ' is cured (See Figure 4K) • The 
buff<M: 30 Md^^^^^^s 76 are removed by 

cleavage of the oxide post and dissolution of the 

20 uncured 84 epojfyjto provi thin rfilm tile 

structure. 141, shown in Figure 4L mounted on-carrier 
80. 

To form the final display panel, the edges of the 
carrier 80. are trimmed . to_ coincide , wit^ the tile 
25 borders. The nitride release layer 36 is removed by 
etchjLng. 

As shown in Figure 5A, a plurality of tile 
structures 141 are then sequentially registered with 
one another eoid adhered to a common module body lio 
30 using a suitable adhesive (not shown) . Common module 
body 110 is preferably patterned with interconnect 
meteaiization on.the surface facing the tile structure 
141 for interconnecting individual tile circuitry with 
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each other. Next, insulation and alignment layers, 
spacers, a sealing border £Uid bonding pads for 
connections (not shown) are bonded onto the periphery 
of the common module body 110. A screen printing 
5 process can be used to prepaore the border. As shown in 
Figure 5B, a plate 117 containing the color filters 120 
and the counter electrode (not shown) is bonded to the 
periphery thin film circuit tiles 141 with the sealing 
border after insertion of spacers (not shown). The 

10 display is filled with the selected liquid crystal 
material 13.6 via a small filling hole or holes 
extending through the border. This filling hole is 
then siealed with a resin or epoxy. First and second 
polarizer films 118, 112 or layers are then bonded to 

is both sides and connectoirs (not sfiowii) cure added. 

Finally, a white light source 114, or other suitable 
light source, is bonded to polarizer 112. 

'pixei electiirodes 62 aire iateirally spaced from each 
other . Each pixel has a trsu^istor 51 and a color 

20 filter 120 or 122 associated therewith. A bonding 
element or adhesive 82 and optically transmissive 
superstrate 110, such as glass or plastic completes the 
stxucture. Body 110 is pref erably a low temperatur 
glass that can have a thiclcness preferably of about 200 

25 to 1000 microns. 

— — — — In an- alternative CLEFT process^ -thin single 

crystal films, are grown by chemical vapor deposition 
(CVD) , and separated from a reusable homoepitaxial 
substrate. 

30 The films removed from the substrate by CLEFT are 

"essentially" single-crystal, of low defect density, 
are only a if ew microns thick , arid cdhsecpiently , circuit 
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panels formed by this process have little weight and 
good light transmission characteristics. 

The CLEFT process^ illustrated in U.S. Patent No. 
4,^727,047, involves the following steps: growth of the 
5 desired thin film over a release layer (a plane of 
weakness), formation of metallization and other 
coatings, formation of a bond between the film and a 
second substrate, such as glass (or superstrate) , and 
separation along the built-in-plane of weakness by 
10 cleaving* The substrate is then available for reuse. 
The CLEFT process is used to form sheets of 
essentially single crystal material using lateral 
epitaxial growth to form a continuous film on top of a 
release layer. For silicon,, the lateral epitaxy is 
^ accomplished either by selective„CVD„pr, preferably, a 
later^ reciYstallization or ISE process, or other 
recrystallization procedures. Alternatively, other 

j f^^^?^^. to form the 

necessary thin film of essentially single crystal 

20 material. 

One of tiie necessary properties of the material 
that forms the release layer is the lade of adhesion 
between the layer and the semiconductor film. When a 
we?k plane has been created by the release layer, the 

25 film can be cleaved from the substrate without any 
degradation. As noted in connection with Figures 4A- 
4C, the release layers can comprise multi-layer films 
of Si3N4 and SiOj. Such an approach permits the SiOj to 
be used to passivate the back of the CHOS logic. (The 

30 Si3N4 is the layer that is dissolved to produce the 
plane of weakness.) In the CLEFT approach, the 
circuits are first bonded to Jiie glass, or other 
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trsuisfer substrate, and then separated, resulting in 
simpler handling as compared to, for example, UV-cured 
tape. 

The pl2me of weakness is key to obtaining uniform 
5 cleaving between the circuits and the substrate. This 
plane may be formed by creating a pattern of carbon on 
the surface of the wafer so that only a small fraction 
of the underlying semiconductor surface is exposed. 
These exposed portions are used as nucleation cites for 

10 the epitaxial film. If the growth conditions are 
properly chosen, the film will grow laterally faster 
than vert Iqallyy leading to laterial overgrowth of the 
single crystal film. Within Ifim of vertical growth, 
the film becomes contiguous and o^ quality.. 

15 I^owever, the carbon layer is weak and, combined with 
the small fraction of exposed semiconductor areas where 
the film is strongly attached to the substrate, creates 
a pleme of weakness. This plane can be used reliably 
and reproducibly io separate the film from the 

20 stibstrate. !I3ie cnibstrat^ may be reused. These 

processes have been used to transfer a wide range of 
GbAs and Si circuits to alternative substrates such as 
glass, ceramic, and other materials, without harm to 
the active circuitry . 

25 In the ISE process, the oxide film is strongly 

attached- to the siibstr ate and "to"the^^op ~s± film which 

will contain the circuits. For this reason, it is 
necessary to reduce the strength of the bond 
chemically. *This requires use of a release layer that 

30 is preferentially dissolved with an etchant without 
complete s parati n t form a plane of weakness in the 
release layer. Th films can then be sepaorat d 
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and electrodes. 

Mechanical separation may be accomplished by 
bonding the upper surface of the Si film to a 
5 superstrate, such as glass ,^ using a transpeorent epo3^. 
The film and glass are then bonded with wax to glass 
plates about 5 mm thick that serve as cleaving 
supports. A metal wedge is inserted between the two 
glass plates to force the surf aces apeorb* Since the 
10 mask has low adhesion to the substrate, the film is 
cleaved from the substrate but remains mounted on the 
glass. The substrate can then be used for another 
cycle of the CLEFT process, and the device processing 
may then be completed on the bacdc surf ace of the film. 
15 Kote that since the device remains attached to a 

superstrate, the back side can be subjected to' standard 
wafer processing, including photolithography. 

One embodiment of the invention utilizes a 
recrystallization system, shown schematically in Figure 
20 6 to form the essentially single crystal Si thin film. 
A sample wafer 134 is formed of poly Si, fontfed on 
SiOj, formed on an Si wafer ♦ A capping layer 138 is 
formed over the poly Si. The wafer temperature is then 
elevated to near the melting point by a lower heater 
25 130. An upper wire or graphite strip heater 132 is 
then scanned across the top of the sample 134 to cause 
a moving melt zone 136 to recrystallize or further 
crystallize the polycrystalline silicon. The lateral 
epitaiqr is seeded from small openings formed through 
30 the lower oxide. The resultant single crystal film has 
the orientation of the substrate. 
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A nvunber of unique devices and circuits have been 
formed using the above processing techniques. These 
techniques have been used to transfer CMOS active 
matrix LCD circuitry from ISE wafers to glass, and have 
5 yielded excellent displays with single crystal Si 
active matrix circuits. Silicon circuitry has been 
transferred to glass and shows no important changes in 
transistor characteristics after trsmsfer. The 
technionxe has also been proved with III-V compound 

10 fiemiconductor circuits. For example, GaAs and AlG£iAs 
monolithic series-connected photovoltaic energy 
converters have, been made for power down a fiber 
application that yield exceptional performance. Also, 
two-dimensional multiplexed AlGaAs LED arrays (with 

15 6ver;32K pixels) have been made by transfer and two- 
sided processing and exhibit extremely high LED density 
as well as performance. - The development of this broad 
^-iange of Si and III-V' circuits indicates the general 
applicability of the transfer process to a wide range 

20 of devices and circuits. - ; ^ >^ 

XII. Alternate Adhesion and Transfer Processes 

Figures 7A-7D illustrate an alternate preferred 
double transfer process for adhering and transferring 

25 tiles of circuits of thin films of silicon to a common 

module, body. _ __The„ starting, structure -is_a silicon-waf er- 

118 upon which an oxide layer 116 and a thin film of 
poly-Si, a-Si or x-Si 114 is formed using any of the 
previously described processes such as ISE or CLEFT. A 

30 plurality of circuits, such as pixel electrodes TFT's, 
Si drivers and Si logic circuits, are then formed in 
the thin film; Figtffe 7A shows thre such wafers, I, 
II, III. In wafer I, logic circuits 40 are formed. In 
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wafer II, pixel electrodes 62 and TFT's 51 are formed. 
In wafer III, driver circuits 20 are formed. A wafer, 
or individual tiles diced from the wafer, is attached 
to a superstrate transfer body 112, such as glass or 
5 other transparent insulator, using an adhesive 120. 
The adhesive Ccin comprise commercially availeO^le 
epoxies. 

The wafer, or tile, is then cleaned and the native 
oxide 118 is etched off the back surface. Depending on 

10 the thickness of the wafer, it may take up to 5 hours 
to etch the Si 118 and oxide 116 layers. The solution 
etches silicon very rapidly, i.e. 2 to 3 microns/min.^, 
and uniformly if the wafers are held horizontally in 
the solution with the etching surf ace face up. The 

15 iacid has a very low et<di rate on oxide, so that as the 
substrate Is etqhed away and the biaried oxide is 
exposed, the etching rate goes down. The observer can 
monitor tOie process and to stop the =^tch in the btiried 
oxide layer 116 ' without punching through to the thin 

20 silicon layer 114 above it. ^Wafers up to 25 mils thick 
and oxides as thin as 4000A have been successlfully 
etched using this process. An alternative etchsmt is 
hydrazine, which has a much hic^er etch rate 
selectivity ^ or ethylene diamine pyrocatacol (EDP) . 

25 When the silicon is completely gone, the vigorous 

bubbling, which is characteristic of silicon etching 
abruptly stops, signalling that the etching is 
complete. 

The thin films 114 transferred to the respective 
30 glass superstrates 112 are now rinsed and dried. If 
not already provided with circuits 40, 51, 62 or 20, 
the films 114 ccui be backside circuit processed, if 
desired. 
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After all the necessary circuits are formed, as 
above, on transfer bodies 112, they may now be diced 
and tiled onto a common module body 13 (Figure 7D) to 
perform a combined function, such as an AMLCD. The 
5 system can then be mounted on a helmet or head- 

mountable frame for direct or indirect viewing by the 
user. 

The logic circuits 40 of transfer body 118 in col. 
A, Figure 7C, are transferred to the border of module 
10 body 13, while the driver circuits 20 from the transfer 
body 1X« in col. C, Figure 7C, are disposed on the 
border between the logic circuits 40A and 40B. 

Tiles of pixel electrodes iS2 and TFT's 51 are 
formed by dicing or etching and are registered with 
15 respect to each other and pre-formed wiring 50 on 
module body 13, as shown iii "Figure 70. 

After all the circuits are registered and adhered 
to the module body,- the and the epoxy 

120 is removed using a suitiable etchant, such as HF for 

20 the case" ^' ^ 

circuits is achieved during 

registration or by direct laser writing where 
necessary. Also, if desired, the film can be 
transferred to" another isubstrtite knd the first glass 
25 superstrate and adhesive can be etched off, allowing 

ibcess^o^ the -front sideof-the-wafer for further 

circuit processing. 

Figures 8A and 8B illxistrate an alternative one- 
step silicon thin film transfer process in which GeSi 
30 is used as an intermediate etch stop layer. In this 
process, Si buffer layer 126 is formed on an x-Si 
substrate 128 foiioweid by a thin GeiSi layer 129 and a 
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thin a-Si, poly-si, or x-si device or circuit layer 
132; using well-known CVD or MBE growth systems. 

The layer 132 is then IC processed in the manner 
previously described in connection with Figures 4E-H 
5 to form circuits, such as TFT's 200 and pixel 
electrodes 202 (Figure 8A) . Next, the processed 
wafers, or tiles from the wafer, are mounted on a 
common module glass (or other) support 280 using an 
epoacy adhesive of the type previously mentioned in 

10 connection with Figures 7A-7B. The epoxy fills in the 
voids formed by the previous processing and adheres the 
front face, to the ^superstrata 280. 

Next, the original Si substrate 128 and Si buffer 
126 are removed by etching, which does not affect the 

IS GeSi layer 129 (Figures 8B) . Finally, ",the GeSi layer 
124 is removed by brief submersion in a suitable etch. 

IV. ■ Eve Traelcey BiiiV.r>>^ i-»^^4- , , . 

Referring now to the schematic diagram of Figure 
9, it may be, seen that th^^ relates to 

20 an eye tracking system 410 that combines a flat panel 
display device 412 with an array of optical detectors 
14 to form an eye tracker device 500. The flat panel 
display -de^d^ce is used as a monolithic substrate and 
light source for determining the position of the eye 

25 432. The detector array 414 is aligned and transferred 
onto the active matrix electronics of the flat panel 
device. A test pattern and software in computer 418 
analyzes the sensed data generated by the detector on 
display and determines the position of the eye. 

30 Light from display 412 is used to project an image 

onto viewing screen 428 for viewing by the eye(s) 432 
of a viewer. The image to be displayed is generated in 
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computer 418 and is coupled as an electrical input 
video signal to display 412 along line 424. Image 
light rays from display 412 pass through detector array 
14 and are projected onto screen 428 where they may be 
5 superimposed on exteraal images from an outside scene 
formed by light rays 

A video signal source provides video signals to 
the display device 412. The video signal sotirce can be 
any analog or digital video signal source including a 

10 Video Graphics Array (VGA) adaptor, National Television 
Systems Committee (NTSC) composite video source, high- 
resolution i>rofelssional display adapters, Chaorge- 
Coupled-Devices (CCD) , or other similar soiurces. In a 
preferred embodiment a CCD camera is mounted on the 

is head mounted system so as to generate an image of the 
stirrbundings of the tiser and which is linked to the 
display of the head mounted system. This permits the 
user t;b "look' iji a pa^ receive an 

image on his/her display or viewing screen from the 

20 surrbundijig arcal The "display' can be^programmed to 

overlay selected images bnto th^ sensed image T -The eye 
tracker can be used to enhance the resolution of the 
image region that the user's eyes are directed upon. 
Horizontal and ver1:ical synchronization signals from 

25 the video signal source are provided to a video 
"interface. ~ Red--Green^BlU€r (RGB)^ signal 
components, if supplied l^y the video signal source, ar 
provided to an encoder. If discrete red, green and 
blue signals are not supplied by the video source 

30 (e.g., NTSC composite video signal), then a single 
video signal must be supplied b^the video s urce. 
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The display device 412 operates as a multi- 
frequency display .device. Typically, video signals 
from the video signal source will not be synchronized 
to a fixed frequency. For example, a VGA adaptor 
5 generates synchronization signals that Veory depending 
on the particular video mode in which the adaptor is 
operating. A standard VGA adaptor may generate a 
vertical synchronization frec[uency between about 56 and 
70 Hz and a horizontal synchronization frequency 
10 between about 15 and 35 kHz. For professional display 
purposes (e.g.^ CAD/CAM) the vertical and horizontal 
isynchronization frecpiency may be higher than described.. 
To handle cxirrent high resolution displays, the display 
device 412 mtist adapt to VMlzical synchronization 
15 fregiaencies up to emd horizontal 

. ^rnchronization J^equencies up to about 66 kHz. 
Consequently |. the display device 412 adapts to changes 
, in the syncturonlzatip frequencies " 

A light ray emanating from a particular pixel of 
l^^^^^^^l^ as^li^e M.^^^ reflected 

by the screen 428 (line Bl) onto the eye optics (not 
shown} and on to the macula (not shown) of eye 432. 
The axial rays of greatest importance will impinge on 
taie fovea of the eye, the most sensitive part of the 
25 macula. These rays return to the display in the 

vicinity of the original pixel because reflection from 
the fovea is approximately normal to the retina and 
therefore nearly axial. Non-axial rays which will 
impinge on the retina beyond the fovea will not be 
30 reflected back along the axial optical path and will 
not retiira to the detector array 414. 



wo 93/18428 



PCr/US93/02312 



-27- 

The viewing screen 428 can comprise, for example, 
the visor of a heads-up helmet mounted optical system 
for pilots and the integrated detector/ display can be 
inserted in a helmet-mounted optical system without 
5 physical modification to the helmet or optics. 
Additionally, no physical contact with the eye is 
required. 

Once the axial rays Bl, B2 return to the display, 
the detector array 14 identifies the portion of the 

10 array from «Aiich the axial ray emanated, by generating 
a voltage signal by a detector pixel located in the 
array neeurest the returned ray. That portion of the 
array is, of course, the part of the display focussed 
on by the user. A test pattern from con^uter 418 is 

15 then inter laded with the di^lay image to enedale 

initial determination of the eye's position. Software, 
in cranputer 418, provides a ciirsor image for display 
■412 which is"proje<^d oh SCT the line-of- 

sight location. This cursor is interlaced to provide 

20 TOnsibant^feeeUiack to ttei detector arr^iy 4X4. The 

• lnt»lac^ frequehby ceun be adjusted to make ther cursor 
visible or not visible to the user. 

For the case of a partially tran^arent system of 
Figure 9 in which scenei from the surroundings are 

25 superimposed on the display image, the detector array 

414-Xs p^f dvided wlth^ liarrow baiid^MS "filter "overlay" 

to reject all wavelengths except the wavelength of the 
cross hair or cursor, which must be one of the display 
primeiry colors, suppose for example that the selected 

30 color is primary red. In this case, a narrow band red 
rej ction filter 430 is plac d on the outside of the 
screen 428, and a narrow red bandpass filter 416 is 



wo 93/18428 



PCT/US93/02312 



-28- 

placed over the pixels of the detector array 414. in 
this way, the detector array 414 only receives light 
originating from the display. A second method of 
accomplishing the same result is to use polarizing 
5 filters as shown in Figure 10. in this case the flat 
panel display 412 is an AMLCD light valve helmet or 
head mounted display (HMD) , having a polarizer 440 on 
its oul^ut face. The polarized nature of the light 
from the display 440, combined with a 90" crossed 
10 polarizer 442 on the screen 428, prevents unwanted 
light from the outside scene from propagating to the 
detector array. Further partially transparent imaging 
^sterns are described below in connection with Figures 

_ 37A-37C. 

^ . 5^*^^^™*!*^^^^ is *° chop or rapidly blink 

si^pals from con^uter 418 for the cursor 
presentation so that software in tiie computer can 
, sub|xact,.toe ,ba<*ground^n Yet, pother 

alternatiye jUiat can be used with LCD displays is to 
: i^??^?^ 1'^*?^o?!S P^s through the red 

, . filters of the LCD. But this approach requires' an IR 
rejection filter on the front of the viewing screen. 

^""^ above that there are a number 
of methods of . using the display 412 to provide a signal 
25 for the detector array 414, without interference from 
outside light. 

An e3cploded view of an AMLCD display and 
monolithic detector array 414 in accordance with the 
invention is illustrated in Figure 11. Note that a 
30 complete eye-tracker package can be made without 

substantially changing the overall dimensions of the 
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display. As shown in Figure 11, a detector array 414 
is formed of a III - V diode array 450 transferred to a 
glass siibstrate 452 or directly above and oni:o front 
glass 454 of an active matrix LCD display 412. The 
5 detector pixels 462 are positioned so that each is 
completely above the drive tramsistors 464 of the 
active matrix circuit and therefore do not block any of 
the display's light output from pixel electrodes 464. 
(See Figure 12) • The detector row and column 

10 interconnects (not shown) are positioned directly above 
the display row and columns^ so that the interconnect 
wires do not block any light. 

Note that the cut-out shown in Figure 12 is not 
required in practice since the detector array substrate 

15 452 is made of tremsparent material such as glass or 
quartz. 

, , ;Fpr infrared detection, GaAs appears to be the 
best choice for the detector elements. The bandgap of 
6a2ls is 1.43 eV, corxesponding to an absorption edge of 

20 about 0.87 MB • This material may also be suitable for 
visible light; however, if it is desirable to suppress 
infrared absorption in the detector, the bemdgap can be 
increased to about 1.9 ey (0, 65 jm) by adding aliuninum 
(Al) to form the ternary compound semiconductor Al^^Ga^^. 

25 )As. (A bandgap of 1.9 eV is obtained for x=0.38.) 

The process used to form the detector array is 
based on an LED array process as a baseline. Xn this 
process, the detector material 470 is first grown on 
substrate 472 by OHCVD. A release layer 474 is formed 

30 that pezmits the epitaxial film 470 to be separated 
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from the substrate 472, but separation is deferred 
until after the front side metallization 476 is formed 
(Figure 13A) . After metallization of rows of 
meteillization and mesa etching to delineate the pixels 
5 462/ the surface of the wafer is bonded to a carrier 
478 (Figure 13B) . This carrier is preferably the front 
panel 454 of display 412, The substrate 472 is then 
removed to yield a partially processed detector airray 
414 bonded to a display array 412. The processing is 

10 then completed to form a xaatrix addressed two- 

dimiensibnal airray 412 of detector pixels 462 aligned 
with the TFT's 464 (indicated by X's) but slightly 
displaced from corresponding pixel electrodes 466 
(indicated by dots) of the display array 412 (Figure 

•15 -^'i3ic)r^^ ' . vv.,;.^.,. 

The fabrication of an X-Y multiplexed garray, in 
accordance with the invention, begins with the 
epitaxial growth of the required 'hetero-epi-layers of 
AicaAs aihd GaAs layers on a GeiAs or 6e substrate. In 

20 the case of the GaAs substrate ^16; fin optional layer 
614 of IQAs is formed between the active AlGeiAs layers 
616 and thie substrate 612 to facilitate substrate 
removal by the etch-off method. The AlAs forms an etch 
stop layer. [Alternatively^ the X-Y array can be 

25 removed from "Uie substrate by a CLEFT process or 
chemical epitaxial lift-off]. In the case of Ge 
substrates, a layer of AlAs can be used as an etch 
stop, but AlAs is not really necessary, since the 6e 
substrate can be dissolved in HiOjWithout harm to the 

30 AlGa2^ active layers. 
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Figure 14A shows the epiteocial layer structure to 
comprise a bottom cladding layer 616c of AlGaAs^ an 
active GaAs (or AlGaAs) layer 616b in which a p-n 
junction 617 is formed by carbon doping during growth, 
5 a top cladding layer 616a of AlGaAs and thin GaAs 

contact layer 616d, all formed by OHCVD. A pattern of 
contact pads 719 and busbars (not shown) is formed by 
photolithographic techniques, evaporation, smd/or 
electroplating oh the front surface, as shown in Figure 
10 14B. Neact, the p/n junctions 617 are isolated by 

etching part way into the epi-layers 616, as shown in 
Figure 14B. This step is not ^solutely rec[uired at 
this point, however, it simplifies a later etch step in 
the process. 

15 The hesct stage of the prodess consists of bonding 

of the wafer to a suppozrt 680, such as glass, ceramic, 
or thin stainless steel. (If tiie support is 
transparent "to infrared radiation, downstreaoa 
f ront'-ta-back alignments are facilitated, but the 

20 aiiginoae^ be carried out by careful 

registration to the support iedges.) The processed 
front Bide is bonded to the support 680 using a 
suitable adhesive (not shown) (Figure 14C) . After the 
support 680 is ^attached, the wafer or substrate 612 is 

25 etched off (or cleaved off) leaving the LED film 616 
^ttachedf to tt¥"sx:^port~~6807^as^ shown in Figiirer4D, ~ in" 
which the structure has been flipped over onto the 
support to expose the bacdc&ide B for processing. 
Once the backside is exposed, any remaining 

30 non-essential material is removed from the back by 

sel ctive etching in HF t exp se a clean GaAs contact 
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layer B. The backside (X-axis) contacts 721 cind 
busbars 72 Ix are now photolithographically patterned 
and electroplated or evaporated onto the contact 
regions 616'. 

5 Finally, the backside is exposed to the mesa etch 

to totally sepeorate the dots.. At this point, all of 
the ep immaterial between the pixels is removed (Figure 
14E} • Alternately, the isolation may be completed by 
implant isolation, or by limiting the current 

10 spreading. Figures 15, 17 and 1& summarise the 
imposrtant steps of three alteiniate processes for 
fabricating LED' s-in accordance with the invention. 
Beneath each step is the coirresponding wafer structure 
shown in side view. 

15 Referring now to Figure IS, a mesa isolation 

method of dot definition is shown th^ein. Note that 
for each process step block, the corresponding 
structure is iilustxated in section below. Step a 
comprdLses pre-epitaxial cleaning of wafer 612 using 
. 20 ^ well loiownjb&chnigues,^^^ and 
H2O followed by OHCVD deposition of AlGaAs/GaAs" 
epi-layers 616, in which a p-n junction is formed in 
the active GaAs layer (Step b) . 

Next, using well known photolithography 

25 techniques, individual dot junction areas 640 are 
defined over the surface of epi-layers 616 beneath 
areas of photoresist 705 (Step c) . Next, the exposed 
epi-layers 616 are etched away down to just below the 
p/n jxinction or alternatively all the way down to 

30 substrate 612 (Step d) • The resist 705 is removed and 
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a protective coating 706 of Si3N4or oxy-nitride (SiON) 
is formed over the top surface (Step e) . Contact areas 
771 are photolithographically defined by resist 715 
over the nitride 706 (Step f ) . The nitride 706 is 
5 etched away beneath the resist openings (Step g) . The 
resist is stripped away and a "lift-off" photo-resist 
layer 717 is formed over the top surfaoe, except wbere 
the netal contacts will reside (Step h) . Front 
metallization layer 719 is evaporated onto the resist 

10 contacting the exposed epi-layer surface aligned in the 
LED dot (Step 1) . 

The resist 717 with metallization 719 is then 
removed using well-known photoresist stripper liquids, 
leaving mi^t4i ■ cbiritacts 719 ' remaining and applied t 

15 each dot 716 (Step. j). Thiese bontacts extend over the 
nitride 716 to the edge of the chip (See Figure 16) 
trtiere individual bond pads ar& formed to address each 
dot 6i6'/ cbntact metallization 72^^^^ then applied to 
the back of the sxibstrate 612. 
" 20 ■ j^^ an alternate dot definition 

method utilizing ion beam, iraplantation. Steps a and b 
are as set forth in connect [on with Figure 15. In step 
c, an implant mask of photoresist 705 is formed which 
defines regions 641 between LEDs which will be ion 

25 bombarded to implant proton s 711 (Step d) to laterally 
isolate individual dots or pixels 616', separated by 
highly resiistive bombarded regions 641' (See Figure 17 
notes) . Next (Step e) , a lift-off photoresist layer 
715 is formed on the exposed top surface of epi-layers 

30 716 with openings left where contact metallization 719 



wo 93/18428 



PCr/US93/02312 



-34- 

will be evaporated (Step f ) . The metallization is 
removed everywhere, except where desired, to form 
individual contacts 719' for each dot 616'. Contact 
metallization 721 is then applied to the backside (Step 
5 h) . 

Figure 18 depicts em alternate dot definition 
process that does not require a separate deposit of a 
dielectric layer with associated photolithography, as 
in Figure 15. Steps a-b are as above* In this 
10 alternate method, after defining the dot edges (Step 

c) , the cap or contact layer 616d is etched away (Step 

d) • The exposed epilayer surface 616 is then smodized 
to form an insulating oxide 708, thus creating a 

. , dielectric in the proper pattern. This method, as in 

15 the method of Figure 15, limits cxirrent spreading to 
the pixel area where it is , desirable . for uniform 
current injection. But, by removing the cap layer from 
regions between dots, illumination within the confines 
of each dot is maintained. Current spreading is 

20 ftorther eliminated by growing an extremely thjLn upper 
cladding layer 616a, which will have very high "lateral 
resistivity. Conventional cladding layers are 20 
microns or higher. 0MC7D enables fabrication of 0.5 
mioron, or less, layers with 0.2 micron being a 

25 preferred thickness for layer 16a. 

The resist 705 is then removed (Step f ) and a 
photoresist layer 715 formed, except where contacts are 
desired. Ketal 719 is evaporated over €uid between the 
resist (Step h) and removed (Step leaving contacts 719' 

30 to each dot 616' The structure is then ready for back 
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metallization 721, as previously described in 
connection with Figure 15 (Step j ) • 

In a variation of Figure 18, the cap 6l6d and 
cladding layer 616a could both be emodized, eliminating 
5 the need for a cap etch step. 

The above processes offer mcmy advantages over 
other known systems of fabricating LEDs or LED bars. 
Some of these are the following: 

o Lattice-Matched System. The epitaxy process 
10 is very nearly perfectly lattice matched, 

since it is made in the GaAs/AiGeUls system 
rather than the GaAs/GaAsP system. ThuS/ 
compositional grading to achieve lattice 
matching is hot required. The epi-layers are 
15 thin (less than 3 microns) as opposed to 20 

to 30 mirarons in the GaAs/GaAsP system. . 
Since the layers are thinner and are made by 
OHCVD, the layers yield much more iiniform 
electroluminescence, making the LED har more 
20 unifbrm. ^'isirice the epitaxial layers are 

lattice matched, it is also a simple laatter 
to change the process to grow LEDs of any 
wavelength in the range of about 650 nm to 
870 nm. The above processes can also utilize 
_25 GalnP for the active epi layers and AIGalnP 

for the cladding layers. Another possible 
lattice matched system is GalnAsP/InP. 

o Better Confinement of Injected Carriers. The 
beneficial properties of AlGaAs layers can be 
30 us d t enhance the optical output of the LED 
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devices, in a maimer simileir to 
hetero junction lasers. The AlGaAs is used to 
reflect carriers so that they are confined to 
the volume In which the optical radiation is 
to be generated. This enables the generation 
of much higher efficiency and optical output 
than believed to be possible in the 
GciAs/GaAsF system. 

]^itaxially-grown P/IT Junction. The 
junctions are grown during the GMCVD process. 
Ift genial, in GaAs/GaAsP technology, the 
junction is diffused. The epitaxial 
junctions arp, of extremely high quality cind 
can be placed anj^wh^e in the structure- 
Diffusedrzinc junctions used in GaAs/GeJlsP 
haye the following limitations: the zinc 
causes p-type, doping, so the structure must 
bet p-on-n (^ereas epitaxial junctions can be 
p-Qli-n or nr-on-t>) ; the zinc concentration 
must be highest, at the surface emd must have 
a diffusion profile (whereas epitaxial doping 
can have any prof ile) , the diffused Juncti ns 
are limited to zinc (whereas epitaxial 
structures can be zinc, or carbon, or other 
dopant as desired) Implant Isolation. In the 
Figure 17 embodiment, the epitaxial wafers 
are implanted with protons to destroy the 
crystal quality of the regions between the 
dots* This isolation is used to prevent the 
current from spreading beyond the desired dot 
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perimeter, (The GaAs/GaAsP technology uses 
patterned diffusion,) An additional 
advantage of implant isolation is that the 
surface becomes nonconducting so that the 
5 metallization can be placed directly-on the 

semiconductor / without dielectric insulators, 
and no short circuit will occur. 

o Use of GaAs Cap. A very thin layer 616d, 

about iooOA thicdc, of GaAs is provided on the 

10 top surface for three reasons: ease of 

contact, environmental stability, and 
improvement in current spreading. The GaAs 
is Jcept thin to allow most of the generated 
light to escape^ If the cap is much thicker 

15 than lOOOA, it will absorb a significant 

aaipunt of light. ^ Environmental stability is 
a f actor bec^siuse AlGaAs can oxidise in air if 
lef^ uncoated* The GaAs cap 16d provides the 
required coating. 

20 

By not removing all of the interpixel material, a 
path for lateral heat flow out of the pixel is 
preserved. 

As shown in Figure 19, the front ^nd backside 

25 processed X-Y array 800 laay be movmted directly to 

silicon wafer 823 in a precise location 810 with X and 
Y silicon driver circuits 820 and 822 formed in wafer 
823 and coupled to the X and Y bonding pads 824 and 
826, respectively. Bonding of array 800 to wafer 823 
30 may also be accomplished by having the contact pads 826 
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replaced by cantilevered bars which extend over to pads 
on wafer 823 which can be trimmed to form circuit 
bonding pads. 

Suitable silicon logic circuits 830 and interface 
5 circuits 832 are formed on wafer 823 to control which 
pixel 616 is illuminated in the X-Y matrix. Note that 
the driver circuits activate dlndividual pixels by 
applying a positive voltage to a pixel in a top column, 
for example, pixel 1601 via bus har 826a, while a 
10 negative voltage is applied to the same pixel X601 via 
Y-driver 822 to bottom biiis bar 824a, thus completing 
the current -circuit through the LED 1601. 

It should be noted that the substrate removal 
methods for f extrication of LED arrays include CLEFT, 
15 lift-off, and substxate etdh-6ff . CLEFT and lift-off 
are appropriate if tiie suibstrate is to be reclaimed as 
a solid Weifer. The etch-off process simply comprises 
thet chemical dissolution 'of the substrate. Note that 
the substrate material may still be reclaimed in the 
20 etch-off process; however, it must be precipitated from 
the etch solution. V The substrate can also be lapped 
off, as is conventionally done in the industry. 

Also note that in the first step of the backside 
process, imdesired epitaxial layers are removed; these 
25 layers are present to initiate the epitaxy, or may be 
buffer layers that are not needed in the final device. 
To make their removal simple, an AlAs etch stop layer 
(not shown) may be provided in the epitaxy between 
these layers and the epitaxial device structure. The 
30 layers can then be removed in etches that stop at AlAs, 
such as the well known PA etches. At a pH of aOjout 8, 
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tiiese etches dissolve GaAs 1000 times faster than 
AlGaAs. After the etch stops at the AlAs, the AlAs can 
be removed in HF or HCl, 

In the process described above, the backside of 
5 the substrate is provided with multiplex-compatible 
metallization to contact the back of each pixel • Note 
that this type of processing recpiires front-to*back 
alignment. The pixels are then separated by a mesa 
etch. Since the films are only about 5 microns thick, 

10 the mesa etch is straightforward and quick. The 
etching may be accomplished with either vet or dry 
processing. At this point, the exposed semiconductor 
laay be coated with a dielectric to prevent oxidation. 
Pinaily, tlie wafers are formed into individual 

15 dice. The dice 800 (See Figure 19) are mounted in a 
pin grid array (PGA) or leadless chip carrier socket 
(neither shown). If the pixel count is sufficiently 
high (>1000), the X-Y drivers 820/ 822 and logic 
multiplexing circuits 830 ^ould be mounted within the 

20 chip carrier. The reason for this is that the wire 
count becomes excessive for high pixel ntunbers. The 
wire count is approximately the square root of the 
pixel count. Preferably, the array is mounted on the 
Si circuitry itself, and interconnected using thin film 

25^ techniques and pho tolith ographic processing, , The 

circuit and array are then mounted in the leadless chip 
carrier or F6A. 

As shown, in Figure 20, reflectEon from the back 
surface may be used to enhance emission. Figure 20 is 

30 a perspective view of an LED array pixel showing the 
upper and lower cladding layers 616a and 616c with the 
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active layer 616b between them* Thin contact layers 
616d and 616e are formed on the front and back sides, 
respectively, and conductors 719a and b rvm orthogonal 
to each other on the contact layers. The back surface 
5 contact layer 616e of GaAs extends across the total 
pixel surface and serves as a back surface reflector. 
The back surface reflector reverses the light 
propagating toward the back of the pixel, so that it is 
directed towaard the front surface. The back surface 

10 16e may also serve to scatter light into the escape 

cone; which is a range of angles that rays, propagating 
within the LED crystal, must fall within for the ray to 
propagate beyond the semiconductor/ air interface. 
Tuning of individual epi-layers may also be 

15 provided to further improve LED efficiency. For 

example, assxme a structure, such as the I£D shown in 
Figure 20, in which the epi-layers have the following 
properties: 

Refractive Wavelength Composition 

20 Layer ^ Index \/n(k) KIGslAs 



AIR 


1 


6500 


N/X 


16d 


3.85 


1688 


0 


16a 


3.24 


2006 


80% 


16 b 


3.60 


1806 


38% 


16c 


3.24 


2006 


80% 


16e 


N/A 


N/A 


Metal 



The active layer 16b, could be made "resonsmt" by 
making the active layer thickness a multiple of half 
the wavelength (i.e., a multiple of 9Q3k) . For 
30 example, an active layer thickness of 4510A or 5418A 



wo 93/18428 



PCr/US93/02312 



-41- 

would be preferable to 5000A. Such a resonant 
structure could yield superlunlnescence or stimulated 
emission which would enhance the optical output. A 
benefit of stimulated emission in the resonant 
5 structure would be that all of the light thus generated 
would be in the escape cone. 

The front (top) cladding layer 616a is set for 
maximum transmission (quarterwave or odd multiple) . 
The quarterwave thickness is 503A, therefore the top 

10 layer should be 0.55 microns, or if better current 
spreading i& needed, 1.05 microns. 

The back cladding layer can be tuned for 
maximum reflection by using even multiples of 503A, 
such as 10 X 503 or sbsoA. 

15 Optional front and back Bragg reflector layers 

616f and 616g, resjpectively, may be incorporated into 
the device of Figure 20 during OMCVD growth, thereby 
converting the LED into a vertical cavity laser. The 
laser cavi-^ is bounded by the Bragg reflectors 6l6f 

20 and eieg and the emit1:ed light will be phase jcoherent. 
The Bragg reflectors are formed by altemating'mamy 
Al/3aAs/Al,6aAs layers, A sufficient nurnb^ of layers 
will yield a hic^ reflection coefficient. The 
electrical cavity is formed by tiie AlGeiAs cladding 

25 layers. Thus, vertical cavity lasers can b e in an X-Y 
array, or may be formed in a laser bar. The feature 
that makes this possible is the double-sided processing 
approach, which permits a wide range of pixel 
structures, including LEDs, lasers and detectors. 
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A light detector array 945 cetn be formed in a 
similar manner. To form a light detector array ^ the 
epitaxial films are doped so as to form a p-i-n 
structxire, rather than an LED. The active layer 
5 comprises a semiconductor chosen for absorption over 
the wavelength range of interest. For example, long 
wavelength detection could utilize In&s grown on an 
Xn&s substrate. Alternatively, InGaAs grown on XnP or 
GaAs could be utilized for mid-IR detection, l^ear IR 

10 is detected with GaAs or Al6a2ls. The fabrication of 
the detector must include edge passivation to maintain 
minimal dark curr^t, but is otherwise the same as the 
- JJED array processing previously described. 

The multiplexing electronic detector circuitry is 

15 somewhat different than the LED driver circuit, since 
it must sense the current generated in each pixel in 
secpience, rather than supply current^ JHie electronics 
is nevertheless straightforward, and is similar to 
charge coupled device (CCD) circuitrY. In fact, the 

20 : device could be formed using a CCD array instead of a 
p-i-n array. 

An infrared-to-visible digiteU. image converter can 
be formed from a detector 950 and light emitting diode 
array 800 (as shown in Figure 22) • The converter is 

25 useful for night vision devices, as well as for digital 
processing of IR eind visible video data. 

Current image converters utilize a photocathode 
based system that converts IR radiation to 
visible. The conversion process is a direct analog 

30 process. Owing to this design, the direct analog 

process is not pctrticulsorly amenable to digital image 
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enhancement. There are also various displays that 
could be superimposed over the night vision display to 
provide the user with communication or computer data. 
However, the photocathode display is not easily 
5 adaptable to display applications • 

A digital pixel-based system, in accordance with 
Figures 21 and 22, functions both as an IR image 
convezrter, an image enhancing device, and a display* 
' The converter invention consists of three main 

10 elements' the IR detector array 950, tiie multiplexing 
electronics 970, and the light emitting diode (LED) 
array 800. A diagram of the IR image converter is 
shown in Figure 22. An IR image is focused by lens 946 
on a multiplexed X-Y array 950 of IR detectors. The 

15 pixel data from the detectors is processed by the 
electronics 970, which then drives a synchronous 
multiplexed LED array 800. Note that the processor can 
accept external data via data port 972 to add to or 
subtract from the image. In this way, image 

20 enhemcement can be accomplished, or communications or 
other data cem be superimposed on the display 800. 

As noted above, the detector array 950 can 
comprise a Si charge coupled device, or if longer 
wavelength detection is required, can be made from 

25 p-i-n diodes foraed frOT 

The airray 950 is fabricated using substrate etch-off or 
lift-off processing, along with backside processing, 
to fozrm very .thin structxires with metallization on both 
sides, as more fully described above in connection with 

30 the LED array 800. 
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The intensity of the image produced by array 300 
may be controlled by veorying the duty cycle timing or 
modulating the drive current of the LED pixels. 

The electronics 970 consists of a multiplexing and 
5 sequencing circuit that first detects the chcurge or 
current in each IR detector and then couples this input 
data to a current amplifier that drives the 
corresponding LED pixel in the output array 800. The 
electronic processor 970 also accepts signals from an 

10 external source, such as a microprocessor that ceoi be 
displayed on the LED sorray. Moreover, the electronics 
can supply that video data to the microprocessor for 
image enhancement and can accept a return signal to be 
displayed on the LED array 300. 

15 The LED array consists of multiplexed thin film 

LED pixels formed from material, in the AIGalnP' family, 
and more particularly, AlGaAs for .bright red displays. 
The array is formed using the previously described 
processing array steps. The pixel size can be as small 

20 as 25 microns square and, consequently, the display can 
offer extremely high resolution or alternatively, 
fairly low cost. 

As shown in Figure 23, the detector 950 and LED 
array 800 can be stacked into a hybrid assembly 

25 comprised of a top thin film IR X-Y detector array 950 
affixed by light transparent glue to lower thin film 
LED array 800 mounted on glass substrate 620. A glass 
lens 960 is affixed to the top surface of detector 950 
and heat transfer openings 960 provided as necessEory 

30 for cooling purposes. The ^tire structure can be 

quite thin (1 mil) , with the electronics 970 provided 
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around the periphery. Ultimately, the monolithic thin 
array can be mounted on ordinary glasses for image 
enhancement of visible light, as well as for display of 
data superimposed on video images. . 
5 The applications of the device of Figures 21-23 

include military night vision systems, range finders, 
advanced military avionics, personal communications 
systems, and medical systems In which real-time image 
enhemcement is useful. 

10 As shown schematically in .Figures 24 and 25, X-Y 

arrays can also be used to form a multicolor display. 
To make such a display, individual X-Y arrays labelled 
i;ed1, LED2 and JJSD3, are formed from two or more 
different epitaxial structures. The primary difference 

15 in the structure is in liie active layer material 761, 
762 and 763. which must haye different band gaps to 
create different colors. For example, red 763 can be 
created with AlGaAs, and green 762 can be created with 
InAiGaP. The top device LH)1 may be a blue LED formed 

20 of II-VI material, such as ZnSe, inS^et or a group IV 
alloy such as Sic. 

The arrays must be stacked with the larger bandgap 
LEDl closer to the observer. The material with £he 
larger bandgap will be transparent to the radiation 

25 from the smaller bandgap. Thus, in this way, the 
- be~abie -to see both colors. 

The creation of the stack of three LEDs is as 
follows: First, the three separate LED arrays LEDl, 
LED2 and LED3 are formed, as previously described. 

30 Next, they are stacked together with glass 600 between 
them. 
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Transparent glue or epoxy 900 is used to bond the 
stacks on top of each other. The upper and lower 
bonding pads PI and P2 on each USD are laterally 
staggered with respect to other LEDs^ so 
S that individual LED pixels may be addressed (See plan 
view Figxire 25) . 

Several points need to be emphasized regarding the 
formation of the integrated detector array 414 and 
display 412. First, the matrix metallization (not 

10 shown) of the detector must be positioned over the 

metallization of the display. In this way, no decrease 
in the optical aperture of the display is introduced by 
the metal interconnects of the detector array 414^ 
Second, the detector pixels 462 can be made as small as 

15 a few microns square provided the detector sensitivity 
is high enough. Since the TFT's are also in the order 
of a few microns wide, detector pixels of sucdi size 
would not block light. Third, the detector array 414 
does not need to use an active matrix^ because III - xv 

20 materials, such as, GaAs arid AlGaAs are extr^ely fast 
detectors (<l fis decay time) and so the detector array 
can be scanned as fast or faster than the display. 
Since the detector pixels are small, they can be placed 
over the transistors in the active matrix display, 

25 resulting in very little reduction in optical aperture 
of the display. 

The integrated eyetracker device 500 can consist 
of a pair of .units that can be simultaneously scanned 
by computer 418 to obtain real time correlation between 

30 the probe or cursor signal and the detected LOS signal. 
This real-time signal correlation can be used to 
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eliminate the complicated image processing software 
that is ordinarily needed to analyze a CCD dark pupil 
image. 

The line-of-sight information obtained may be 
5 processed in computer 418 and coupled to control device 
420 along line 422 to execute functions, or to display 
412 along line 424 to present various images or for 
generating a high resolution image only in the line-of- 
sight vicinity. 

10 The detector array may alternatively be mounted on 

the back panel of the display 412 or preferably 
iiitegrated witij the formation of the display array. In 
this integrated anbodiinent/ the detector pixels are 
farmed of si on the TFT si&istarat^ ^i"*.^® Sjame process 

15 in fiiiich the OTT's ar Each detector pixel is 

located adlacemt a corresponding TFT pixel. 

The display array may be cosiprised of an EL panel. 
'^ Stated previoiisly^ other preierred 
eapioy an exoisisive i&atiefial siich as cm 

20 electrbl diodes, porous 

silicon or my light emitting^ imteriai to form each 
pixel element of the display/ To that end, another 
preferred enbbdi^ invention is 

illustrated in liie persp<^^^ an 

25 electroluminescent (EL) panel lUspl^ 



The basic components of the EL display include an 
active matrix circuit panel 1414/ a bottom insulator 
1423, an electroluminescent structure 1416, a top 
insulator 1417 and an optically transparent electrode 
30 1419, Which are secured in a layered structure. The EL 
structure 1416 is positioned betwe^^^ two planar 
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insulating layers 1417 cind 1423 which prevent 
destructive electrical breakdown by capacitively 
limiting direct current flow through the EL structure 
and also serve to enhance reliability. The insulators 
5 1417 and 1423 have high electrical breakdown so that 
they can remain useful at high fields which are 
required to create hot electrons in the EL phosphor 
layers. The capacitive structure of the display is 
coagileted by producing thin-film electrodes adjacent to 
10 each insulator. One of these electrodes is formed 

witiiin the pixel array 1422 ^^^a^^ other electrode is 

the optically transpareiit elecrt^ 1419 which allows 
lig^it to exit the display. 
. ^ ...^^a^nray of^pixel^ lormed on the circuit 

15 panel 1414 are individualiy actuated by a drive 

circuit. The circuit has first 1418 and second 1420 
cxrcuxt components that are positioned adjacent to the 
array such that each pixel'" 1422 csm produce ah electric 
field in the electroluminescent istructure 1416 between 
20 the pixel electrode and an element of the electrode 
1419. The^ e^ pauses an EL element 1424 to 

be Illuminated- . 

^ ^ The electroluminescent ^^^^ may be 

formed Of a single phos|dtior layer' for at preferred 
25 embodiment haying a monochrome In another 

preferred embodiment, the EL structiire 1416 is formed 
of a plurality of patterned phosphor layers for 
providing color display. The phosphor layers are 
patterned such that each color pixel includes red, 
30 green and blue phosphor elements. The EL color display 
^ J?^ on the EL display formation process 
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disclosed in international application PCT/US88/01680 
to Barrow et al> Referring to Figure 27B, each EL 
element 1424 is divided into single color elements such 
as red 1476 and 1482, green 1478 and blue 1480, 
S To illuminate a single color element for a given 

EL element 1424, the drive circuit causes an electric 
field to be formed between one of the bottom electrodes 
1462 and the txansparent electrode 1419.. For a 
selected illuminated single color element, the light 
10 emitting centers of the phosphor are impact excited by 
the flow of hot„electrons through the phosphor layer 
when the electric field exceeds a ]aiown threshold. As 
such,, the pixels 1422 can be selectively actuated to 
- provide any illuminated color for that pixel group. 
15 , , The active matrix pixel array employs transistors 
(TFTs) colocated with each pixel in the display to 
, ; . control the function of the pixel. . As applied to EL 

displays, the active matrix approach of fers significant 
advantages including reduced power dissipation in the 
20 circuit panel and increased frequency at which jbhe AC 
resonant driver can operate. The formation of a useful 
EL active matrix requires TFTs that can operate at high 
voltages and high speeds* single .CT silicon is 

preferred for achieving high resolution in a small 

-25 - (6inx6in-o£^ less)- active-matrix-EL -display . 

In an EL display, one or more pixels are energized 
by alternating current (AC) which is provided to each 
pixel by row -emd column interconnects connected to the 
drive circuitry. The efficient conduction of AC by the 
30 interconnects is limited by parasitic capacitance. The 
us of an active matrix, however, provides a large 
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reduction of the interconnect capacitance and can 
ensLble the use of high frequency AC to obtain more 
efficient electroluminescence in the pixel phosphor and 
increased brightness. In accordemce with the present 
5 invention, the TFTs that provide this advantage are 
formed in a single crystal wafer, such as bulk Si 
wafers, or thin-films of single crystal or essentially 
sdLngle rarystal silicon. These high quality TFTs are 
employed in an EL panel display, providing high speed 

10 and low leakage as well as supposrting the high voltage 
levels needed for electroluminescence. 

In preferred embodiments, single crystal silicon 
formed on an insulator (SOI) is processed to permit 
the f onsiation of high vbltkge circuitry necessary to 

15 drive the "^EL displar^r Ifo^^ thin-film 
single crystal siiicon f OCTied fey the ISB process, or 
other s6l proceisses allows for fabrication of high 

^ volteiilie well as low 

volteige C3fO circuitry fw and other logic 

■■'20 ' ^^eilnti. ■ ^^m^^^'^ -^v^.. - . ^ ' 

" : The^ DMDS/CM©^ drive tiircUit^ for 
controlling an EL monodhrome display is illustrated in 
Figmres 27C-27D. "E^ pixel circuit 

1425 includes ^^^ C^ trwisistor (TFTs) 1421a 

25 arid 142ib r^specrt:ively. The capacitors 1426a, 1426b 
and 1426c represent the parasitic and blocking 
capacitors normally present in an AC EL structure. 
Despite its .complicated appecirance, each pixel circuit 
1425 should actually occupy only a small fraction of 

30 the pixel area even with array densities of up to 1000 
lines/inch. The drive circuitry for an EL monochrome 
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display is shown for simplicity piirposes only. For an 
EL color display, the drive circuitry for each pixel 
would comprise three pixel circuits 1425 selectively 
activated to drive the red, green or blue color 

5 elements. 

Referring to Figure 27C, there are two unique 
aspects of the pixel circuit 1425. The first is that 
the use of the DHOS transistor 1421b on the output of. 
the drive circuit allows the EL display to be driven 

10 with an AC drive signal at 1428. This feature can be 
appreciated by considering just the DMOS transistor. 

Referring to Figure 27D, an equivalent, circuit for 
a DMOS transistor 1421b includes an MMOS device Xi with 
a shunting diode bl. If th€> gate on the NMOS 

15 triEmsistor' xi is raised to the threshold voltage above 
the source, current will flow through the transistor XI 
during the positive AC drive pulse. The presence of 
the shunt diode Dl allows current to flow in the 
reverse direction riegMrdless of the ^pte voltage, so 

20 'toat witt a high"' (Jate voltage, flows ^through 
the transistor Xi during both tihe positive and negative 
transitions. The EL layer 1429 is therefore being 
excited and will be llltminatiiBd as long as the gate is 
held high. If the gate Is held low, that Is at a 

25 voltage below the tteeshol^ volAa^^ 

transistor XI will not conduct during the positive 
drive pulse. Thus, the EL layer 1429 will only see a 
series of negative pulse and will charge to the pulse 
potential during the first negative pulses and be 

30 prevented from distdi2u:icfing dturing the positive pulse by 
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the rectifying behavior of the diode Dl. Therefore, 
after a single brief illumination period, the EL layer 
1429 will remain passive since the total voltage across 
it emd its isolation capacitors 1426b and 1426c remains 
5 constant. 

Referring back to Figure 27C, the second unique 
feature of the circuit 1425 is that it can be 
controlled by only two wires. The second feature is 
achieved in the present invention through the use of a 

10 p-channel HOS transistor 1421a, and a diode 1427. The 
diode 1427 may be fabricated as a lateral or vertical 
structure and would not add significantly to the 
overall area or complexity. The diode 1427 is needed 
because the MMOS transistor 1421a is a symmetric device 

15 and would otherwise discharge the capacitor 1426a 

diiring the illuminate period rendering the circuit and 
display inoperable. 

To insure the performance of the circuit 1425, a 
cJxGuit jEmalysis ^w^ performed* The circuit 1425 

20 operates Irf first <^ capacitors I42£a by 

applying a low signal to the select line 1413 (o 
volts) in the analysis and then raising the data line 
1411 to the ^d^ from 0.5 to 2 

voits in this anaiysisj. Af ter charging sequence, 

25 the capacitor 1426a wiil be charged to a voltage 

approximately equal to the difference between the data 
and select line signal levels and minus the diode 1427 
forward voltage drop. To turn on the output transistor 
1421b, the select line 1413 is first increased to about 

30 1 volt and the data line 1411 is ramped from -2 volts 
to 0 volts. The output transistor 1421b remains on for 
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that was stored on the capacitor 1426a. In this way, 
grey scale is achieved by the circuit 1425. 

A preferred EL display formation process includes 
5 the formation of a single crystal silicon film, 

fabrication of active matrix circuitry on the silicon 
film and integration of EL materials to form the 
emissive elements. To that end. Figures 28A-28K 
illustrate the Isolated Silicon Epitaxy (ISE) process 

10 to form a silicon-^n«-insulator (SOI) film as well as a 
process for fabricating high voltage DHOS devices and 
low voltage CMOS devices on the ISE film to form 
circuit panel circuitry. Note that while the ISE 
proems is shown herein, any number of techniques can 

15 be esspldyed to provide a thin-film of single crystal 

Si; 

An SOI stmicture, such as that shown in Figure 
28A, includes a stabstrate 1430 and ah oxide 1432 (such 
as, for' example SiOj) that is grown or deposited on 

20 the' substrate 1430. A polycryj^talline silicon film is 
deposited on the oxide 1432, and the poly-Si film is 
capped with a capping layer 1436 (such as for example, 
SiOa) • The stmicture is the heated riBar melting point, 
and a thin movsJ>le strip heater (Figure 6) is scanned 

25 above the top surface of t he wa fer. TOm heater^melts 

and recrystallizes the silicon film that is trapped 
between the oxide layers, resulting in a full area 
single crystal silicon film 1434. 

A thin dingle crystal layer of silicon 434 is thus 

30 formed over the oxide 1432 such that the oxide (or 
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InstLlator) is buried beneath the si surface layer. 
For the case of ISE SOI structures^ after the capping 
layer is removed, the top layer is essentially 
single-crystal recrystallized silicon ^ from which CMOS 
5 circuits can be fabricated. The use of a buried 
insulator provides devices having higher speeds than 
can be obtained in conventional bulk material. 
Circuits containing in excess of 1.5 million CMOS 
Irransistors have been successfully fabricated in ISE 

10 material. 

As shown in Figure 28B, the silicon film 1434 is 
patterned to defifie discrete islands 1437 aiid 1438 for 
each pixel. An oxide layer 1435 is then formed over 
the patterned regions including channels 1448 between 

15 the islands, 143 7 and 1438. A twin well diffusion 

process is then employed to form both p and n wells* To 
form n wells, silicon nitride islcoids 1439 are' formed 
to isolate those islands 1438 designated to be p wells 
{Figure 170) . The remaining islands 1437 are 

20 Bubsequ^tly implanted.with m n-^^^ to 
form n wells 1441. , To form p wells, a thick oxide 
layer 1442 is grown over thet n wells to isolate those 
islands from the p-type dopant 1443, emd the silicon 
nitride islands are removed (Figure 28D) • The 

25 non-isolated isleoids are then implanted with the p-type 
dopant 443 to form p wells 1444. 

Following the twin well formation, a thick oxide 
film is grown over the surface of the silicon islands 
1441 and 1444 to form active etrea regions. More 

30 specifically, the oxide layer 1446 is etched to a 

relatively even thickness and silicon nitride islands 
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1447 are deposited tiiereon (Figure 28E) . Next, a thick 
oxide film is grown around the s\irf ace of the silicon 
islands 1441 and 1444 to form active area regions 1450 
between the thick LOCOS field oxide regions 1451 
5 (Figure 28F) . Polysilicon is then deposited and 
patterned to form the gates 1453 of the high voltage 
DMDS devices and the gates 1454 of the low voltage CMOS 
devices (Figure 28G) . Note that the gate 1453 of the 
DMbs^device'"e3k area region 1450 

10 over the field oxide r^ion 1451. The edge of the gate 
14S3 which is over the active region 1450 is used as a 
diffusion edg^^ while the 

poison of the gate *^ 
* reai^ 1451 is field in 

' 15 the n well drift region. , 

Following the channel diffusion, the n-chemnel and 
p-ishaimei somree 1456, 1459 'and drain>egions 1457, 
' ~ ' ^1460 are foitrmed using arsenic and boron iiq>lantation 

(Figures 28tt-28J) » 'Nexti 'a"1^ glass 

20 (SBSG) flow layer 1458 is formed and openings are 
„^ .^^^^^ BPSG layer 1458 to contact the 
source 1456, the draijri 1457 the gate 1453 of the 
DMOS device as as the soxirce 1459 and the drain 

i46a o^ Further^ a 

25 pattj^ed aluminum, tungsten or 

other suitable metal is used to connect the devices to 
otaia: circuit panel conpbnents. The preferred process 
comprises nine masks and permits fabrication of both 
high voltage DMOS and low voltage CMOS devices. 

30 oaie high voltage characteristics of the DHOS 

devices depend on several dim hsions of the structur 
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10 



as well as the doping concentrations of both the 
diffused p-channel and n-well drift region. The 
impozrtant physical dimensions are the length of the 
n-well drift region, the spacing between the edge of 
the polysilicon gate in the active region and^ the edge 
of the tinder lying field oxide, and the amoxint of 
overlap between the polysilicon gate over the field 
oxide and the edge of the field oxide. The degree of 
current handling in t^e DUOS device is also a function 
of some of these parsoaeters as as a function of 

the overall size of the device.* Since a preferred 
embodiment includes a high de^il^ array (IM 
. ^ pixels/ in^) , the pixel isorea^ a!hd hence the transistor 
size, is kept as small as possible.^ Referrincr to 
15 Figure 28L, the circuit pa^ be removed 

from the substrate^l436^f txansiiB3C^ a glass 

plate 1431 upon w^ch EL phosphors have been formed. 
Thecremoval process can comprise CEL, CLEFT or back 
etching and/or lapping. 
. .?9. ^ 28Ar29p Illustrate the details of the 

fabripation process of ain electroluminescent color 
display. As stated earlier) tiiis fabricat process 

■ '.• '-"'J^'. / Z'TiV' '.CP-^ . -yX^-' .-'f^^^ /'v-'i;. " .'• — - 

is based on the EL color display formation process 
disclosed in inte^ applicatibn PCT/IJS88 01680 

25 to Barrows et al. The EL display formation process, 
whether for a monochrome or color display, comprises 
Idle secpenti layers of an emissive 

thin^film istack. The phosphor layers are patterned 
such that each color pixel includes red, green and blue 

30 phosphor elements. The red color is obtained by 
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filtering a yellow ZnS:Mn phosphor layer so as to only 
select the red component. The green and blue phosphor 
elements have components other than Mn for emitting in 
the desired spectral regions. 
5 The first layer of the EL display is the bottom 

electrode. In a preferred EL display formation 
process, the bottom electrode comprises the source or 
drain metallization of the transistor in the drive 
circuit. This electrode aiay be optimized for high 

10 reflection of the desired wavelength to increase the 
luminous efficiency of the EL panel. Referring to 
Figure 29A/ the fabHcatiori proces begins with the 
deposition of the bott preferably 
cbvefiiig ^ %h^ active meitrix of the 

15 ^ircuii prael 1414^' ' 1^ Iflist^toolBr^phbisi^^ layer 
1476 is then deposited onto the active matrix and 
patterned. A first ^^^e^ is deposited, 

and a STOond color pho^ is deposited and 

patteinSed bvi^ A second 

20 etch stop layer 1479 Is deposited, arid a third color 
pfao^hor layer 1480 is deposited and patterned over the 
second stop layer. ^ 

^ Ref erririg to Fic^ of patterned 

phosphor layers 1416 is then coated with the top 

25 _ insulator 14,17 ^1 The two insulating _l^ggg 1417 and ^ 

1423 are then patterned to expose the connection points 
between the top eliectrodes "and ^^tt active matrix 
circuit panel, and also to remove material from areas 
which external connections will be made to the driv 

30 logic. The top electrode 1419 formed of an optipally 
transparent mLateirial such as inditun tin oxide is then 
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deposited and patterned over the top insulator 1417 
(Figure 29D) • The deposition of the top electrode 
serves to complete the circuit between the phosphors 
1416 euid the active matrix circuitry 1414. A red 
5 filter 1482 is then deposited and patterned over the 
red pixels, or alternatively is incorporated on a seal 
cover plate if a coyer is used. The red filter 1482 
trcuismits the desired red portion of the ZnS:Hn 
phosphor, (yellow) ou^^ut to produce the desired red 

10 ^ color.. ^. '\ ...^ . .... 

Alteimativeiy, the EL thin-film stack may be 
formed^pn a;^glas^^^ substrate to which the 

. active ^matrix cj^^ is transferred by the 

. aforementioned, transfer processes. Tet emother option 
_ 15 cos^rises the transfer, of both the circuit panel and 
tiie EL stack to another material . sudh as a curved 
. surface, of a helmet*-moiinted visor* ' In a single-step 
. transfer, the .circuit is transferred to a flexible 
substrate. The fiexible substrate is then bent to form 
^ . .20 a curved dxsplay. In;,a double-step transfer,, the 
, cixcuit^ circuit and 

double transferred to a f jLxed ctirvature substrate. The 
curved direct view display makes use of the intrinsic 
.steess on t^e silicp JEhe curved surface releases the 
25 stress on the circuit and may improve circuit 
performance. 

A preferred process for and adhering 

thin-films of silicon from its support substrate to a 
different material is illustrated in Figures 30A-30B. 
30 This process may be employed for tremsf erring a circuit 
pajiel f pnaed in /Uiiji-^^ (Figures 28A-28L) or 
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an entire EL display (Figures 29A-29D) and adhering it 
to a different material such as glass or a curved 
surface of a material. 

Referring to Figxire 3 OA, the starting structure is 
5 a silicon wafer 1500 upon which an oxide layer 1516 an 
a thin film of single crystal silicon 1514 is formed 
using any of the previously described techniopies, such 
as ISE or CLEFT. , A plurality ^ of .circuits 1511 such as 
pixel electrodes, TFTs, drivers and logic circuits are 
10 then formed in the thin-film silicon 1514. The SOI 

processed wafer is .then attached to a superstrate 1512, 
such as glass or ot^er . tsransparent insulator or a 
curved surf ace of a material, .using ^^j^^^ adhesive 1520. 
.w.The wafer , is then cleaned. and ^.tt native oxide is 
: 15 : etched^off the,ha<*.^u^ 1518,^^ Jjfte wafer is put 

interna , solution. , The.etchant hM y&ry low etch rate 
. on oxide, so that as the. substrate ^^is etched away and 

tbe^buried cxid^ etching rate goes 

...down. The selectivity of, the silicon etch irate versus 
20 the px^^ yisxy hi^ (20a:l) This 

selectivity, combined with the uniformity of the 
silicon etching, .allows liie ettiher to observe the 
. process and , to stop in th^e-biiried oxide layer 1516' 
without punching through to Idle thin ^s layer 1514 

— 2 5~above it^ Waf ers-up~to-25^mils Jbhic^^ and^oxid es a s 

thin as 4000& have been successfully etched using this 
pr*ocess. One such etchant is hydrazine. 

The thin film 514 transferred to the glass 1512 is 
now rinsed and dried. If not already provided with the 
30 circuitry 1511, it can be backside circuit processed. 
Also, if desired, the film can be transferred to 
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another substrate cuid the glass superstrate can be 
etched off, allowing access to the front side of the 
wafer for further circuit processing. 

Figures 31A-31B illustrate an alternative silicon 
5 thin-film transfer process in which GeSi is tised as an 
intermediate etch stop layer. Referring to Figure 31A, 
in t:his process, a silicon buffer layer 1526 is formed 
on a single crystal silicon substrate 1528 followed by 
a thin GeSi layer 1524 and a thin single crystal 
10 silicon device or ciraiit layer 15i32; using well*-known 
cvb or MBE growlA ssWtenis. - ' ' 

The^iayer 1532 is then XC processed in a mailn^ 
previously ^^cribed to fbrxd circxiits such as TFTs 1600 
' 6r pixetl '^ectrodes iiSOZm Kext,^'i^ is 
15 momited on a glass or Other s 1680 using an epoxy 

' ' ' /^affliesivef "^THie^^ojrir'f ^ iii ^e^wids formed by the 
v^^ i '^^^pjre^t^ face to the 

- ; , NeaisA:; 1528 and the 

k^.}. ^i£i<i<|iix Stiff eir 1526^are *iBemo^^ by^^^itoching with KOH^ 

^' idii^ does xiot affect tlw (Figure 31B) . 

Finally r the GeSl layer 1524" is selectively etched away 
width "does xibt^^^ 1522. 

iih^tiiis deiectbiT'afiray^ be 

25 transferred to- the EL panel i419v * ■ ' 

The eye tracking device of the invention offers 
numerous system simplifications. One simplification is 
made possible by the use of the high speed XII * V 
detector array 414. Scanning of the array can be 
30 synchronized with the display scan. This eliminates 
the complex software needed for pattern recognition in 
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the typical CCD approach. This is because the 
reflected light can be analyzed pixel-by-pixel in real 
time to determine the atrea on which the viewer is 
focusing. Moreover, depending on the angular 
5 resolution needed, it may be possible to replace the 
detector matrix array with a much simpler array of 
pixels interconnected in a common parallel circuit, as 
shown in Figure 12 comprising anode plane 482 and 
cathode plane 480. Only tn^o te^ are used for 

10 connection to the detector plane 482. Iiight reflection 
from the non-macular portion of the retina leorgely 
falls beyond the detector array 414 and macular 
reflection returns to some location on the array 414. 
The display 413 is scsmned row while the 

15 computer simultaneously monitors the reflected signal 
at the detector. The row yielding 0ie highest signal 
is the row upon which viewer is focused. A similar 
scan is performed for the columns to determine the 
column pixels upon W focused. 

20 'Ref erriiig now to the ^c^eiia^ diagram of Figure 

26, an alternate embodiment of tiie present invSition 
will now beVdescribed. This embodiment relates to a 
direcst viewing eye trirackihg s^^ 530 that combines a 
flat panel display device 492 with a substantially 

25 transparent array of optical detectors 494 to form an 
eye tracker device 520. As in Figure 9, flat panel 
display device 492 is used as a monolithic substrate 
for the detector array and as a light source for 
determining the position of the eye 496. The detector 

30 array 494 and display 492 are preferably formed as 

described above. The array is ali and treuisf erred 
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onto the active matrix electronics of the flat panel 
display 492. A test pattern and software in compute 
498 analyzes the sensed data generated by the 
individual detectors 502 of the array 494 and 
5 determines the position of the eye based upon which 
detector (s) senses light reflected from the eye. 

Light from display 492 is used to project an image 
f or viewijig by the eye(s] 492 of a viewer. The image 
to be displayed is generated in computer 498 and is 
10 coupled as an electrical input video signal to display 
492 ailong line 506. Image light rays from display 492 
petss through detector array 494 and are viewed by the 
" eye 496- / .-.v 

A light ray eiotianating^^ pixel Pi 

15 of display 492 is shomi as line Li. This ray impinges 
on the fovea of the eye 496 and is reflected back along 
line LI. The ray returns to "Uie display 492 in the 
, vicinity of the original pixel becatise reflection from 
the fovea is approximately nbibiial to the retina and 
20 therefore nesdrly eixial. Non-axial rays ^ich impincre 
on the retina l^yond the fovea will not be reflected 
back along the eixial optical path. 

Once the £ud!ai rw li returns to the display 492, 
the detector array 494 identifies the portion of the 
25 aCTay at which the^ axial ray retiirns by generating a 
voltage signal from a detector pixel P2 located in the 
eonray nearest the'^ returned ray. That portion of the 
earray is,^ of course, the pieit of the display focussed 
upon by tiie eye 496 of the user. This voltage signal, 
30 indicative of eye position, is coupled on line 508 to 
computer 498. A test pattern from computer 98 is then 
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generated by computer 4X8 and interlaced with the 
display image to indicate to the user the eye's 
position. Software, in computer 418, provides a test 
pattern in the form of cursor image on display 492 
5 which is formed at the line-of -sight location. The 
cursor is interlaced to provide constemt feedback to 
the detector airray 494. The interlace frequency can be 
adjusted to make the cursor visible or not visible to 
the user. An optional lens system 495 may be employed 

10 between the eye -and array to enhance the image 

projected from the display 492. The line-of-sight 
information obtained in array 494 may ^ be processed in 
computer 498 and coupled to control device 490 to 
execute ftmctions or may be coupled to present varioxis 

15 images, such as, .the previously mentioned cursor. 

,y . Qnttcs For Head-Mou nted System 

A preferred embodiment of the invention is 
illustrated in the dirept,yiew, helmet mounted display 
system of Figure .32. 3to active matrlSc single crystal 
■ 20 silicon display device 2010 is mounted in close 

pro3Cimil7 to the eye 2012. A lens 2014 is used to 
deliver a focussed image to the eye. 2014 has a 

given thickness and a diameter d. Table 1 lists 
characteristics of commercially available lens 
25 including diameter, l'#~and~^e^ 

lenses having the desired dimensions are easily 
manufactured to provide the thidoiess and focal length 
necessaory. 



wo 93/18428 



PCT/US93/02312 



64- 



Table 1 
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The distance from the center axis 2018 of lens 

2014 to the display 2010 is denoted by P. The active 

matrix display has a high pixel density so as to match 

the resolution of the human eye. By increasing the 

5 resolution, or the density of pixels in the active 

matrix display 2010, and at the same time reduce the 

size of the display it is possible to position the 

display closer to the eye. 

Where the distance P is less them 2.5 centimeters, 

10 the pixel density is at least 200 lines per centimeter 

and preferably over 400 lines per centimeter to provide 

the desired resolution. 

Where' P=1.5 centimeters, the display 10 is about 

1.27 centimeters in diameter and has a pixel density of 

15 about 4()b "lines per centimeter. ^ The focal length 

between the lens 2014 and focal point F is generally 

defined by the Expression: 

^ 1 « J- + -ll 

P Oimagb 

20 Solving for the distance to the image we obta4.n 




As the human eye will optimally focus an image at 
a distance of about 400 centimeters (about 15 feet), 
and as the focal length of the lens is preferably small 
enough to focus the image onto the eye over a short 
25 distance, the diameter of the lens should be less thdcn 
3 centim ters and preferably iind r 2i0 centimeters. 
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TcOile 2 defines the relationship between lens 
diameter d^ and the distance between the lens and the 
display P in accordance with the invention vrtxere Dn^Qg 
is about 400 centimeters: 
5 Table 2 

Lens Diameter, d Object DlstcUice P (all in cm) 
" 0.6 0.48 
0.8 0.64 
■.■■l -.. .r- •. J- 0.80 

10 .. li.2 -....u : 0. 96. 

1.4 1.12 



_j-2.8,. _ 2.23 

■TAJ.:-- 3 2.39 



20 " The cJsove svomsorizes^ the pref i^^ed ei^ent^ of a 
head mounted display where the active utatrdLx display 
and lens syste^ are mounted in close proximity to the 
eye. Note that the lens need not be circular in shape, 
however, but can be of a different shape to provide 
25 more peripheral information to the eye, 

^ The -following embodiment comprises a simple 
optical, approach to attain a brightness increase of up 
to 100% by reducing a common parasitic loss. This loss 
obtains in all liquid crystal display light valves at 
30 the first polarizing f iltea:, w^^ one half 

of the unpolarized light emanating from the lamp* In 
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other words, the light source of the display generates 
light of two polarizations; one polarization (half of 
the light) is absorbed by the polarizing filter to medce 
it suitsOdle for modulation by the liquid crystal. 
5 In this embodiment, as shown in Figure 33, the 

light from source 30 is polarized, not by a poleirizing 
filter, but by a Brewster polarizing window 2032 which 
passes one polarization 2033 only to light vsilve 2036. 
^ bther polarization '2034 is reflected, at window 

10 2032 and reflected again at mirror 2037 and directed to 
a second light valve 2038. There are at least two 
implementations^ of this" invMition^^^ as follows: 
- In a' head-moimted display ^ t^ window 2032 

to pass'^pblarized light/- TE polarized for 
- liijca^ liquid 
Wystal display :2d^ 6.' - 1^ TM 
' polarized in this exs^ to the left eye 

v^A r-^0^g-j3^^ 2038. Neither 

light valve -TO although the 

ri: c^^O ^^tjij-ese^^ ^of "^he- lirfe^^ in 
-flueaice since TJhus, 
substantially all of the incident light is passed to 
the liqniid <irystal,^ leadi^^ near -doubling of the 
optical effiisiericy^ ^df coursSel- the ^liquid crystal in 
25 the left and right liquid crystal display must be 

rx)tated 90« ^tfiw to "account~for 

the polarization of the TE and TH polarizations of the 
light. The absence of a "first*" poleurizing filter can 
reduce the cost of the display. 
30 Another preferred embodiment of the invention is 

V illixistrated iii Figure 34 In this t embodiment the 
V >^ i: active matrix'2050 = is fabricate the pixel 

geometry and pix 1 area is variable as a functi n of 
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the position of the pixel within the matrix. This 
provides a wide angle field of view image that can be 
projected onto the internal sxirface of the face shield 
2054 of the head mounted display. This visual effect 
5 can also be done electronically by transforming the 
video input such that the intensity of appropriate 
. pixels is adjusted to conform to the jyiewer'^s 
perception. The eye. tracking system described 
previously can be : used ; to adjust intensity depending 
: 10 upon the direction iji .w^ looking. 

Figure 35 illustrates a detailed view of a portion 
L t of .the^ active, matiri^^^^ 2060^ 2062v 

w ia:^:\^?!^'?4^ and .2068 ^^j^^ area as the 

.M jc, i^lM^tance £tcOT.«».pi^ 2066 axis 

; 15 is j^^orease^ coltann 
^r: increases as 

, a f Portion; of to The 

. s £ u v: v???!'^?^ 9^^P^:: ^i]?^^^^^^^ an 
^ r . ;v.^CTdss^ be formed 

v^i^:^^20 v^^rja fiM*^siibst3^^ flat 
. r-^ ? i " X- or-::O0j^ed- substeate prior to jiptmting onto the "optical 
, ^ support asseanbly of ^t^ matrix can 

:^ . :?IM!Lso.]be laraMfjOTed to a that is 

Ipw^ tempes^tiir ajineal in the range of 
25^ 300-400?F and preferably at about. ^3 50*F that will 
provide a desired curvature to the active matrix. 
« / : - A.finrther einlK)dlmmt as in Figure 36 

^ herein separate active matrix display elements 2070, 
2072, 2 074 „ etc. are mounted or tiled onto a plastic 
30 visor screen 2076. The visor screen can be 
:^:z^mx: y:>lB^^ material. 
Lo: .} r Each display;: element-2p70, 2072^ 2074 can have driver 
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circuitry 2082 , 2080, 2078, respectively, formed 
sepeorately on the edge. 

Figxires 37A-37C illustrate other preferred 
embodiments of a direct-view display system. Light 
5 from a display device 1610 is represented by light ray 
1615. The light ray 1615 from the display 1610 may 
pass through an optical system or lens 1620. The ray 
of light 1615 from the display 1610 . is combined with 
ambient light 1690 before becoming incident on a 
10 viewer's eye 1600 • I iThus, iiie image c^^ the 
display device 1610 appears to the viewer to float in 
the viewer's field of vision^ v j - : 

There are various aeems of combining the display 
I image- 1615 ^ith^4Jie^rambienfc^^::i^ which will now 

^ 15 be describedv^^^ Figure 37A :illustrates^a preferred 
" embodiment bf the invention using a 'prism 1710 to 
: dxfa ^^ctimbine simeiges^W^*^^ may be 

- : ? coated with it paurtial reflector ^or elefcteochj^^ 

material 1712 to attenuate ^:ambieitt^ii;ight 1690 • Figure 
20 37B illustrates a[ prefers embodiments of the, invention 
using a lenticular structure 1720 as an image combiner. 
The gradings are spaced su^ that the ^ 1600 cannot 
distinguii^ line^ in the structure 1620 • In a 
preferred embodiment , the grating density is greater 

2 5 t han or _equal^to 150 per inch. Figure 37C is similar 

to the lenticular structure in Figure 3 7B ^except that a 
Fresnel lenticular structure 1730 is used. In both 
lenticular structures 1720, 1730, the flat surface 
1722, 1732 may also be coated with a partial reflector 
30 or electrochromatic material* In either of Figures 
A ;37A-37C/ th display system leid^may cbe mounted 
^ adjac^t to* the viewer's h ad; - >In a pr ferr d 

of the invention, the display device 1610 is 
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mounted adjacent to the sides of the viewer's head, 
such as on the sides of a viewer. The head moiinted 
systems described herein utilize audio circuitry and 
acoustic speakers to deliver sounds to the user'^s ears 
5 and can employ sensor systems such as cameras, magnetic 
position sensors, LED's or ultrasound for determining 
the position of the user'^s head. Additional sensors on 
a user's glove or other actuators can be electronically 
.connected to a system data processor to provide 
? 10 : ^interactive ^capabilities,' 

Ecfuivalents : h' - ; i .-^^v^^- c/ ; 
r il r cn^^^T^ to the 

v oa i i h^ w .pref erred Jembodimentsi^d; may Lber:^ or modified 

i:3ry^::^t rwithout^Bubstantiallyj :chai^^ the 

a^ ^ilS ;ijlnvention« i^or rexai^ has been 

iit^a f^i^ ?rsr;^:-q illustratecl^rimarilyv^ substantially 
:: ; o V :?ctransparNent xiCD displc^^ both 

3- \ : . Qx^ci :::^:;-acfelver£a^ rare cwitftLn: the^ cpntes^l^ of the 

•J J A^^r inyention; suchias/ vwith^^ the following: 

20 active displays, e.g. , plasma display panels, 
. . c electroluminescent displays, ^^^,5^ 
; \ v , u<U^lays cand-"lightr|^^ passive 
„ displays:/ electrophoretic image displays,, suspended 

particle displays, ; twisting ball displays or 
25 trcuispearent ceramic displays. In each case, the eye 
tracking photodetector system can be formed in the same 
film as the display pixel or monolithically formed 
above or below the pixel to sense which pixel or group 
of pixels receive eye reflected light. While the 
_ ^ r.;:50 -.inyention iias rbeen ^paarticularly. shown^and described 
xx^^^^^ thereof, it 

: o /-will b i understood by those skill d in the art that 
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various changes in form and details may be made therein 
without departing from the spirit and scope of the 
invention as defined by the appended claims. 
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CIAIMS 

1. A head mounted display system comprising: 

a support frame for positioning on a user's 

head; 

5 an active matrix display mounted on the 

support frame to direct an image emitted from a 
display surface onto the user's eye and having a 
plurality of row address lines and a plurality of 
column address lines, the active matrix display 

10 further comprising an array of pixel circuits and 

an array of pixel electrodes, each pixel circuit 
being formed in a thin film of single crystal 
material and being electrically connected to one 
row address line and one column address line; and 

15 a lens positioned between the active matrix 

display and the user's eye. to focus an image from 
the display onto the user's eye. 

2. The head mounted display system of Claim. 1 wherein 
the active matrix display further comprises at 

20 least 1000 row address lines. 

3 . The head mounted display system of Cladm l wherein 
the lens comprises a center axis and is positioned 
such that the lens center axis is 1.52 centimeters 
or less from the display surface. 

25 4. The head mounted display system of Claim 1 wherein 
the active matrix display is positioned to direct 
an image onto the user's left eye and further 
comprising a second active matrix display mounted 
on the supp rt frame such that the second active 
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matrix display directs light onto the user's right 
eye. 

5. The head mounted display system of Claim 1 further 
comprising a driver circuit in the thin film of 
S single crystal silicon. 

6« The head mounted display system of Claim 1 wherein 
the active matrix display comprises a color 
display. 

7. The head mounted di^lay system of Claim 1 wherein 
10 the ■ display compriseis an electroluminescent 

z^^K "display. /''^^^'^ V' ''^'""r^./^'i"^r' ^ ."^^^ 

^ 8^ The heaii moimted dli^play^ s^ of Claim 1 \rtierein 
the display cxm^r^^ liquid crystail display. 

" 9. The heiid isbti^^ Claim 1 wherein 

15 the active matrix is mounted on a curved^ substrate 

secured to the support frames. 

10. The hekd mbtanted display system of Claim 1 wherein 
the pixels comprise light emitting diodes. 

11. The head mounted system of Claim 1 further 
20 comprising : 

a viewing screen for viewing an image such 
that the display projects an image on the viewing 
screen in a transmit optical path; 
''-^^ '-'^''^''l^doCTBy of fehbtb&etectijrs lb adjacent 
25 the display f r detecting li^ht emanating from the 

display pixels and reflect d from the eye of th 
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viewer and retiirning along the transmit optical 
path. 

The system of Claim 11 in which the display is a 
panel display taken from the group comprising an 
electroluminescent, liquid crystal or dot matrix 
displays. 

The system of Claim 11 in which the display is a 
flat panel display formed, pf a back panel with an 
active matrix array of pixels formed Si thin film 
transistors laaMfecred onto said back panel, a 
feont display pjMed^^ crystal material 

enclosed between tiie front and back panels; and 
the array of photodetectofs is comprised of & 
Mode aCTay of„.III V diodes transferred on to 
said, front panel. 

A head mounted detector/display module system 
conmrising^ 

a flat panel display comprised of a ftont 
panel and a back panel and a display array of 
pixels disposed between said panels with an arrav 
of photodetectors disposed on one of said panels 
and wherein said photodetectors are aligned with a 
respective pixel of the display array. 

The module of Claim 14 in which the photodetectors 
are formed of III - v materials • 

photodetectors - 
are formal on a th^ of iii - v material and 
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transferred to a ceorrier and then transferred onto 
one of the panels. 

The nodule of Claim 14 wherein the array of 
photodetectors are disposed on the front panel. 

The module of Claim 14 wherein the display is an 
AMLCD, or EL display. 

The module of Claim 14 further comprising a 
viewing screen having a curved visor through which 
the :viewer can view an external scene ancl upon 
which the jvdisplay image may be superimposed upon 
the external i:scene. icq 

1- A .20. n The module of .Claim 19 ^^dierein a frequency 

:^o:^f>reJection;ifilter:ds formed on the external side of 

a narrow pass; -bemd frequency filter 
fi' sj 15 ^ j i V :v£or passing the ^&equejicie&.xeje|^ the 
^ ^ rejection^filter Is formed on the photodetector 

array e 

21i The module of Claim 19. wherein the light from the 
display signals is polarized in one plane and the 
20 light from the external scene is polarized in an 

opposite plane. 

22. The module of Claim 4 in which the photodetectors 
of the array are interconnected in a common 
parallel circuit. 



17. 



5 18. 



19. 



■ - 10 
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23. A method of determining the direction in which an 
eye of a viewer is looking comprising the steps 
of I 

a) forming an image on a viewing screen for 

5 viewing by the eye of a viewer by projecting 

light from a display onto said screen; 

b) detecting light emanating from the display 
and reflected from the eye of the viewer and 
returned along the transmit optical path. 

10 24. The method of Claim 23 -wherein the viewing screen 
! coa^rises a visor through which the viewer can see 
an e3£temal ;8cene :and ^the image is superimposed 
upon the viewingiscreen;.^ s^ rfr 

25. uThenmethodiof ^laim asicwherein the image comprises 
.15 . a cursor and jtheiimag&ais^^iprojected at a 

r a ; predetermined frequency -and further comprising the 
M 1. steps : of >filtering(^ other than the 

. ; ? <"i>rojected -image frequency ;f^ viewing on, the 
viewing screen. 

f 20 -26. :The method; of ;ciaim >^^ comprising the 

steps of polarizing the projected light in one 
plane and polarizing the light from the external 
scene in an opposite plane. 

27. The method of Claim 23 further comprising 

25 determining the direction of the eye by sensing 

which detectors detect the reflected light. 

28. The method of Claim 27 wherein the image comprises 
a cursor and the image is projected at a 
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predetermined f recpiency and further comprising the 
steps of filtering frequencies other than the 
projected image frequency for viewing by the 
viewer • 



5 29. The method of Claim 28 further comprising the 
steps of poleurizing the projected light in one 
plane and polarizing the light from an external 
scene in an opposite plane. 

30. The method of Claim 23 for revising said image in 
10 response to eye position determinations comprising 

":^/:%;::r;toe.;st€ps^'<^ / 

y^j . said image for viewing by the eye 

/ 4 lasing a -display an emray of 

/ ^ L-...'..... pixels;., / / ;/ 

M^L^WE^^-^^ an. ariray of photodetectors with 
f ^eacdi photodetector align 
^ / 7 pixel, 7and ccmyert the pixels 

/ - Inflected l>y iSe :^e^"^^ electrical signal 

indicative oi line-bf -sight position;" and 
20 - ^ o) - g video signal responsive to said 

electrical^ s^ revising saiicl image. 
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